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METHODS AND COMPOSITIONS 
5 FOR POLYPEPTIDE ENGINEERING 

This application is a continuation-in-part of U.S. Patent Application Serial No. 
08/198,411, filed Febniary 17, 1994 (now U.S. Patent Na 5,ai5,793, issued February 25, 
1997), Serial No. PCT/US95/02126. filed. Febmary 17, 1995, Serial No. 08/425,684, filed 
April 18, 1995. Serial No. 08/537,874, filed October 30, 1995. Serial No. 08/564.955, filed 
10 November 30. 1995. Serial No. 08/621.859. filed March 25. 1996. Serial No. 08/621.430. 
filed March 25. 1996. Serial No. PCT/US96/05480. filed April 18. 1996, Serial No. 
08/650.400. filed May 20. 1996. Serial No. 08/675.502. filed July 3. 1996. Serial No. 
08/721,824. filed September 27. 1996. 08/722.660. filed September 27, 1996. and 
08/769.062 filed December 18. 1996 the specifications of which are herein incorporated by 
15 reference in their entirety for all purposes. 

Background of the invention 
Recursive sequence recombination entails performing iterative cycles of 
recombination and screening or selection to "evolve" individual genes, v^ole plasmids or 
viruses, multigene clusters, or even whole genomes (Stemmer, Bio/Technolooy 13:549-551 
20 (1995)). Such tediniques do not require the extensive analysis and computation required by 
conventional methods for polypeptide engineering. Recursive sequence recombination 
allows the recombination of large numbers of mutations in a minimum number of selection 
cycles, in contras t to traditional, pairwise recombination events. 

Thus, recursive sequence recombination (RSR) techniques provide particular 
25 - / advantages in that they provide recoiiibii'ialion betwem mutations in any or all of these,~ 

thseby providing a very fast way of exploring the manrrer in which different combinations of 
mutations can affect a desired result. 

In some instances, however, structural and/or functional information is 
available which, although not required for recursive sequence recombination, provides 
30 opportunities for modification of the technique. In other instances, selection and/or 

screening of a large number of recombinants can be costly or time-consuming. A further 
problem can be the manipulation of large nucleic acid molecules. The instant invention 
' addresses these issues and others. 

Summary of the Invention 
35 One aspect of th invention is a method for evolving a prot in encoded by a 

DNA substrate molecule comprising: 
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(a) digesting at least a first and second DMA substrat mol cule, wherein the 
at least a first and second substrate molecules differ from each other in at least one 
nucleotide, with a restriction endonuclease; 

(b) ligating the mixture to generate a library of recombinant DMA molecules; 
5 (c) screening or selecting the products of (b) for a desired property; and 

(d) recovering a recombinant DNA substrate molecule encoding an evolved 

protein. 

A further aspect of the invention is a method for evofving a protein encoded 
by a DNA substrate molecule by recombining at least a first and second DNA substrate 
10 molecule, wherein the at least a first and second substrate molecules differ from each other 
in at least one nucleotide and comprise defined segments, the method comprising: 

(a) providing a set of oligonucleotide PGR primers, comprising at least one 
primer for each segment, wherein the primer sequence is complementary to at least one 
junction with another segment; 

(b) amplifying the segments of the at least a first and second DNA substrate 
molecules vnih the primers of step (a) in a polymerase chain reaction; 

(c) assembling the products of step (b) to generate a library of recombinant 
DNA substrate molecules; 

(d) screening or selecting the products of (c) for a desired property; and 

20 (e) recovering a recombinant DNA substrate molecule from (d) encoding an 

evolved protein. 

A furtiier aspect of the invention is a method of enriching a population of DNA 
fragments fcM^ mutant sequences comprising: 

(a) denaturing and renaturing the popufation of fragments to generate a 
25 population of hybmt double-stranded fragments in which at least one double-stranded 

fragment comprises at least one base pair mismatch; 

(b) fiTagmenting the products of (a) into fragments of about 20-100 bp; 

(c) affinity-purifying fragments having a mismatch orr an affinfly matrix to 
generate a pool of DNA fragments enriched for mutant sequences; and 

30 (d) assembling the products of (c) to generate a library of recombinant DNA 

substrate molecules. 

A further aspect of the invention is a method for evolving a protein encoded 

by a DNA substrate molecule, by recombining at least a first and second DNA substrate 

molecule, wherein the at least a first and second substrate molecules share a region of 
35 sequence homology of about 10 to 100 base pairs and compris defined s gm nts, the 

method comprising: 
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(a) providing regions of homology in the at least a first and second DNA 
substrate molecules by inserting an intron sequence between at I ast two defined segments; 

(b) fragmenting and recombining DNA substrate molecules of (a), wherein 
regions of homology are provided by the introns; 

5 (c) screening or selecting the products of (b) for a desired property; and 

(d) recovering a recombinant DNA substrate molecule from the products of (c) 
encoding an evolved protein. 

A further aspect of the invention is a method for evolving a protein encoded 
by a DNA substrate molecule by recombining at least a first and second DNA substrate 
10 molecule, wherein the at least a first and second substrate molecules differ from each other 
in at least one nucleotide and comprise defined segments, the method comprising: 

(a) providing a set of oligonucleotide PGR primers, wherein for each strand of 
each segment a pair of primers is provided, one member of each pair bridging the junction at 
one end of the segment and the other bridging the junction at the other end of the segment, 

15 with the terminal ends of the DNA molecule having as one member of the pair a generic 
primer, and wherein a set of primers is provided for each of the at least a first and second 
substrate molecules; 

(b) amplifying the segments of the at least a first and second DNA substrate 
molecules with the primers of (a) in a polymerase chain reaction; 

20 (c) assembling the products of (b) to generate a pool of recombinant DNA 

molecules; 

(d) selecting or screening the products of (c) for a desired property; and 

(e) recovering a recombinant DNA substrate molecule from the products of (d) 
encoding an evohred protein. - 

25 A further aspect of the oivention is a rnethod for optimizing expression "of a 

protein by evolving the protein, wherein the protein is encoded by a DNA sub st r a t e molecule, 
comprising: 

(a) providing a set of oligonucleotides, wherein each oligonudeottde 
comprises at least two regions complementary to the DNA molecule and at l^^^^t one 

30 degenerate region, each degenerate region encoding a region of an amino add sequence of 
the protein; 

(b) assembling the set of oligonudeotides into a library of full length genes; 

(c) expressing the products of (b) in a host cell; 

(d) screening the products of (c) for improved expression of the protein; and 
35 (e) recovering a recombinant DNA substrate mol cule encoding an evolv d 

protein from (d). 
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A further aspect of th invention is a m thod for optimizing xpression of a 
protein encoded by a DNA substrate molecule by evolving the protein, wherein th DNA 
substrate molecule comprises at least on lac operator and a fusion of a DNA sequence 
encoding the protein with a DNA sequence encoding a lac headpiece dimer, the method 
5 comprising: 

(a) transfonming a host cell with a library of mutagenized DNA substrate 

nratecules; 

(b) inducing expression of the protein encoded by the fibrary of (a); 

(c) preparing an extract of the product of (b); 

10 (d) fractionating insoluble protein from complexes of soluble protein and DNA; 



and 



(d). 



(e) recovering a DNA substrate molecule encoding an evolved protein from 



A further aspect of the invention is a method for evolving functional 
15 expressiorr of a protein encoded by a DNA substrate molecule comprising a fusion of a DNA 
sequence encoding the protein with a DNA sequence encoding filamentous phage protein to 
generate a fusion protein, the method comprising: 

(a) providing a host cell producing infectious particles expressing a fusion 
protein encoded by a library of mutagenized DNA substrate molecules; 
20 (b) recovering from (a) infectious particles displaying the fusion protein; 

(c) affinity purifying particles displaying the mutant protein using a ligand for 
the protein; and 

(d) recovering a DNA substrate molecule encoding an evolved prutem frorn 
affinity purified particles of (c), 

25 A further aspect of the mveintiQrT is a method for optimizing aqrossron of a 

protein encoded by a DNA substrate motecute com p iis ir ig a fusion of a DNA sequence 
encoding the protein witfr a lac headpiece dimer. wherein the DNA substrate molecule is 
present on a first plasmid vector, the method comprising: 

(a) providing a host cell transformed with the first vector and a second vector 
30 comprising a library of mutants of at least one chaperonin gene, and at least one fac 

operator; 

(b) preparing an extract of the product of (a); 

(c) fractionating insoluble protein from complexes of soluble protein and DNA; 

and 

35 (d) recovering DNA encoding a chap ronin gene from (c). 

A further aspect of the invention is a method for optimizing expression of a 
protein encoded by a DNA substrate molecule comprising a fusion of 3 DNA'sequence 
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encoding the protein with a filamentous phage gene, wherein the fusion is earned on a 
phagemid comprising a library of chaperonin gene mutants, the m thod comprising: 

(a) providing a host cell producing infectious particles expressing a fusion 
protein encoded by a library of mutagenized DNA substrate molecules; 
5 (b) recovering from (a) infectious particles displaying the fusion protein; 

(c) affinity purifying particles displaying the protein using a ligand for the 

protein; and 

(d) recovering DNA encoding the nmrtarrt rfi a p e r ui ii n from affinity purifiecf 

particles of (c). 

10 A further aspect of the invention is a method for optimizing secretion of a 

protein in a host by evolving a gene encoding a secretory function, comprising: 

(a) providing a cluster of genes encoding secretory functions; 

(b) recombining at least a first and second sequence in the gene cluster of (a) 
encoding a secretory function, the at least a first and second sequences differing from each 

15 other in at least one nucleotide, to generate a library of recombinant sequences; 

(c) transforming a host cell culture with the products of (b), wherein the host 
cell comprises a DNA sequence encoding the protein; 

(d) subjecting the product of (c) to screening or selection for secretion of the 

protein; and 

20 (e) recovering DNA encoding an evolved gene encoding a secretory function 

from the product of (d). 

A further aspect of the invention is a method for evolving an improved DNA 
polymerase comprising: 

(a) providing a library of mutartt DNA substrate molecules encoding ntutant 
25 DNA polymerase; 

(b) screening extracts of cells tra ns f e cted with (a) and comparing activity with 
wild type DNA polymerase; 

(c) recovering mutant DNA substrate molecules from cells in (b) expressing ' 
mutant DNA polymerase having improved activity over wild-type DNA polymerase; and 

30 (d) recovering a DNA substrate molecule encoding an evolved polymerase 

from the products of (c). 

A further aspect of the invention is a method for evolving a DNA polymerase 
with an error rate greater than that of wild type DNA polymerase comprising: 

(a) providing a library of mutant DNA substrate molecules encoding mutant 
35 DNA polymerase in a host cell comprising an indicator g ne having a revertibi mutation, 

wherein th indicator gen is replicated by the mutant DNA polymerase; 

(b) screening the products of (a) for revertants of theTndicator gener 
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(c) recovering mutant DNA substrate molecules from revertants; and 

(d) recovering a DNA substrate molecule encoding an evolved polymeras 
from the products of (c). 

A further aspect of the invention is a method for evolving a DNA polymerase, 

comprising: 

(a) providing a library of mutant DNA substrate molecules encoding mutant 
DNA polymerase, the library comprising aplasmid vedon 

(b) preparing plasmid preparations and extracts of host bells transfected with 
the products of (a); 

(c) amplifying each plasmid preparation in a PCR reaction using the mutant 
polymerase encoded by that plasmid, the polymerase being present in the host cell extract; 

(d) recovering the PCR products of (c); and 

(e) recovering a DNA substrate molecule encoding an evolved polymerase 
from the products of (d). 

A further aspect of the invention is a method for evolving a p-nitrophenol 
phosphorratase from a phosphonatase encoded by a DNA substrate molecule, comprising: 

(a) providing library of mutants of the DNA substrate molecule, the library 
comprising a plasmid expression vector; 

(b) transfecting a host, wherein the host phn operon is deleted; 

(c) selecting for growth of the transfectants of (b) using a p-nitrophenol 
phosphonatase as a substrate; 

(d) recovering the DNA substrate molecules from transfectants selected from 

(c);and 

(e) recovering a DNA substrate molecule from (d) encoding an evolved . 
phosphonatase. 

A further aspect of the inventron rs a method for evohring a protease encoded 
by a DNA substrate molecule comprising: 

(a) providing library of mutants of the DNA substrate molecule, the library 
comprising a plasmid expression vector, wherein the DNA substrate molecule is linked to a 
secretory leader; 

(b) transfecting a host; 

(c) selecting for growth of the transfectants of (b) on a complex protein 

medium; and 

(d) recovering a DNA substrate molecule from (c) encoding an evolved 

protease. 

A further asp ct of the invention is a method for screening a library of 
protease mutants displayed on a phage to obtain an improved protease, wh rein a DNA 
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substrate mol cule encoding the proteas is fused to DNA encoding a filamentous phage 
protein to gen rate a fusion protein, comprising: 

(a) providing host cells expressing the fusion protein; 

(b) overlaying host cells with a protein net to entrap the phage; 

5 (c) washing the product of (b) to recover phage liberated by digestion of the 

protein net; 

(d) recovering DNA from the product of (c); and 

(e) recovering a DNA substrate from (d) encoding an improved protease. 
A further aspect of the invention is a method for screening a library of 

10 protease mutants to obtain an improved protease, the method comprising: 

(a) providing a library of peptide substrates, the peptide substrate comprising 
a fluorophore and a fluorescence quencher; 

(b) screening the library of protease mutants for ability to cleave the peptide 
substrates, wherein fluorescence is measured; and 

15 (c) recovering DNA encoding at least one protease mutant from (b). 

A further aspect of the invention is a method for evolving an alpha interferon 
gene comprising: 

(a) providing a library of mutant alpha interferon genes, the library comprising 
a filamentous phage vector; 

20 (b) stimulating cells comprising a reporter construct, the reporter construct 

comprising a reporter gene under control of an interferon responsive promoter, and wherein 
the reporter gene is GFP; 

(c) separating the cells expressing GFP by FACS; 

(d) recovering phage from the product of (c); and 

25 (e) recovering an evotved interferon gene from the product of (d). 

A further aspect of the Mention is a method for screening a tibrary of mutants 
. of a DNA substrate encoding a protein for an evolved DNA substrate, comprising: 

<a) providing a library of mutants, the library comprising an e)q7ression vector; 

(b) transfecting a mammalian host cell with the library of (a), wherein mutant 
30 protein is expressed on the surface of the cell; 

(c) screening or selecting the products of (b) with a ligand for the protein; 

(d) recovering DNA encoding mutant protein from the products of (c); and 

(e) recovering an evolved DNA substrate from the products of (d). 

A further aspect of the invention is a method for evolving a DNA substrate 
35 molecule encoding an interferon alpha, comprising: 
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(a) providing a library of mutant alpha interferon genes, th library comprising 
an expression vector wherein the alpha interferon genes are expressed under the control of 
an inducible promoter; 

(b) transfecting host cells with the library of (a); 
5 (c) contacting the product of (b) with a virus; 

(d) recovering DNA encoding a mutant alpha interferon from host cells 
surviving, step, (c); and . 

(e) recovering an evolved fnterfiBrDn gene from the prodact of (d). 

A further aspect of the invention is a method for evolving the serum stability or 
10 circulation half-life of a protein encoded by a DNA substrate molecule, the DNA substrate 
molecule comprising a fusion of a DNA sequence encoding the protein with a DNA sequence 
encoding a filamentous phage protein to generate a fusion protein, the method comprising: 

(a) providing a host cell expressing a library of mutants of the fusion protein; 

(b) affinity purifying the mutants with a ligand for the protein, wherein the 
15 ftgand.is a human serum protein, tissue specific protein, or receptor; 

(c) recovering DNA encoding a mutant protein from the affinity selected 
mutants of (b); and 

(d) recovering an evolved gene encoding the protein from the product of (c). 
A further aspect of the invention is a method for evolving a protein having at 

20 least two subunits, comprising: 

(a) providing a library of mutant DNA substrate molecules for each subunit; 

(b) recombining the libraries into a library of single chain constructs of the 
protein, the single chain construct comprising a DNA substrate molecule encoding each 
subunit sequ&iccv the subunit sequence teing linked by a linker at a nudeic add sequence 

25 encoding the anrtirra terminus ofone subunit tea ruideic add sequence encoding 
carboxy terminus of a second subunit; 

(c) screening or selecting the products of (B), 

(d) recovering recombinant single chain construct DNA substrate molecules 
from the products of (c); 

30 (e) subjecting the products of (d) to mutagenesis; and 

(f) recovering an evolved single chain construct DNA substrate molecule from 

(e). 

A further aspect of the invention is a method for evolving the coupling of a 
mammalian 7-transmembrane receptor to a yeast signal transduction pathway, comprising: 
35 (a) expressing a library of mammalian G alpha protein mutants in a host 

cell, wherein th host cell expresses the mammalian 7-transmembran receptor and a 
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reporter gen , the receptor gene geing expressed under control of a pheromone responsiv 
promoter; 

(b) screening or selecting the products of (a) for expression of the 
reporter gene in the presence of a ligand for the 7-transmembrance receptor; and 
5 (c) recovering DNA encoding an evolved G alpha protein mutant from 

screened or selected products of (b). 

A further aspect of the invention is a method for recaml:unin9 at least a first 
and secorrrf DNA substrate molecufe. comprising: 

(a) transfecting a host cell with at least a first and second DNA substrate 
10 molecule wherein the at least a first and second DNA substrate molecules are recombined in 

the host ceil; 

(b) screening or selecting the products of (a) for a desired property; and 

(c) recovering recombinant DNA substrate molecules from (b). 

A further aspect of the invention is a method for evolving a DNA substrate 
15 sequence encoding a protein of interest, wherein the DNA substrate comprises a vector, the 
vector comprising single*stranded DNA, the method comprising: 

(a) providing single-stranded vector DNA and a library of mutants of the 
DNA substrate sequence; 

(b) annealing single stranded DNA from the library of (a) to the single 
20 stranded vector DNA of (a); 

(c) transforming the products of (b) into a host; 

(d) screening the product of (c) for a desired property; and 

(e) recovering evolved DNA substrate DNA from the products of (d). 

Brief Description of the Drawings 
25 Rgure 1 depicts the alignment of cBgo PGR primers for evoKition of txavine 

caff intiKtinal atkatine phosphatase, 

Rgure 2 depicts the afiynment of alpha rnterferon amino acid and nucleic acid 
sequences. . - 

Figure 3 depicts the alignment of chimeric alpha interferon amino acid 

30 sequences. 

Description of the Specific Embodiments 
The invention provides a number of strategies for evolving polypeptides 
through recursive recombination methods. In some embodiments, the strategies of the 
invention can generally be classified as "coarse grain shuffling" and '*fine grain shuffling." As 
35 describ d in detail below, these strat gies ar specially applicable in situations wh re som 
structural or functional information is availabi regarding the polypeptides of interest, where 
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th nucleic acid to be manipulated is large, when selection or screening of many 
recombinants is cumbersome, and so on. "Coarse grain shuffling" generally involves the 
exchange or recombination of segments of nucleic acids, whether defined as functional 
domains, exons, restriction endonuclease fragments, or othenvise arbitrarily defined 
5 segments. "Fine grain shuffling" generally involves the introduction of sequence variation 
within a segment, such as within codons. 

Coarse grain and fine grain shuffling allow analysis of variation occuring within 
a nucferc add sequence, alsa tenned "searching-of sequence space." Atthbugh both 
techniques are meritorious, the results are qualitatively different. For example, coarse grain 

10 searches are often better suited for optimizing multigene clusters such as polyketide 

operons. whereas fine grain searches are often optimal for optimizing a property such as 
protein expression using codon usage libraries. 

The strategies generally entail evolution of gene(s) or segment(s) thereof to 
allow retention of function in a heterologous cell or improvement of function in a homologous 

15 or heterologous cell. Evolution is effected generally by a process termed recursive sequence 
recombination. Recursive sequence recombination can be achieved in many different 
formats and penmutations of formats, as described in further detail below. These fomiats 
share some common principles. Recursive sequence recombination entails successive 
cycles of recombination to generate molecular diversity, i.e., the creation of a family of 

20 nucleic acid molecules showing substantial sequence identity to each other but differing in 
the presence of mutations. Each recombination cycle is followed by at least one cycle of 
screening or selection for molecules having a desired characteristic. The moiecule(s) 
selected in one round form the starting materials for generating diversity in the next round. 
In any giverr cyde, recombination can occur in vim or in vitro. Furthermore, cfiversity 

25 resulting from reoombination can be augmerrted in any cyde by applying prior methods of 
mutagenesis (e.g., emor-prone PGR or cassette rmitagenests, passage through bacterial 
mutator strains, treatment with chemical mutagens, "spiking" with sequence diversity findm 
homologous gene families) to either the substrates for or products of recombination. 
I. Formats for Recursive Sequence Recombination 

30 Some formats and examples for recursive sequence rrcombinatfon. 

sometimes referred to as DMA shuffling, evolution, or molecular breeding, have been 
described by the present inventors and co-workers in co-pending applications U.S. Patent 
Application Serial No. 08/198,431. filed Febmary 17. 1994. Serial No. PCT/US95/02126, 
filed, February 17, 1995, Serial No. 08/425.684, filed April 18, 1995. Serial No. 08/537,874, 

35 filed Octob r 30, 1995. Serial No. 08/564,955, filed Nov mb r 30. 1995, Serial No. 

08/621.859. filed March 25. 1996. Serial No. 08/621,430, filed March 25, 1996, Serial No. 
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PCT/US96/05480. filed April 18. 1996. Serial No. 08/650.400. filed May 20. 1996, Serial No. 
08/675.502. filed July 3. 1996. Serial No. 08/721. 824. filed September 27, 1996, and 
08/722.660 filed September 27. 1996; Stemmer. Science 270:1510 (1995); Stemmer et al.. 
Gene 164:49-53 (1995); Stemmer, Bio/Technoloay 13:549-553 (1995); Stemmer; Prnc. Natl. 
5 Acad. Sci. U.S.A . 91:10747-10751 (1994); Stemmer. Nature 370:389-391 (1994); Crameri et 
al.. Nature Medicine 2(1):1-3 (1996); Crameri et al.. Nature Biotechnology 14:315-319 (1996). 
each of which is incorporated by reference in Us entirety for all purposes. ■: 

In general, the tenm "gene" is used henerrr Iroadty to refer to any segment or 
sequence of DNA associated with a biological function. Genes can be obtained from a 
10 variety of sources, including cloning from a source of interest or synthesizing from known or 
predicted sequence information, and may include sequences designed to have desired 
parameters. 

A wide vanety of cell types can be used as a recipient of evolved genes. 
Cells of particular interest tndude many bacterial cell types, both gram-negative and gram- 

15 positive, such as Rhodococcus. Streptomycetes, Actinomycetes, Corynebacteria, 

Penicillium, Bacillus, Eschenchia co//. Pseudomonas, Salmonella, and Erwinia, Cells of 
interest also include eukaryottc cells, particularly mammalian cells (e.g.. mouse, hamster, 
primate, human), both cell lines and primary cultures. Such cells include sftem cells, 
including embryonic stem cells, zygotes, fibroblasts, lymphocytes, Chinese hamster ovary 

20 (CHO), mouse fibroblasts (N1H3T3). kidney, liver, muscle, and skin cells. Other eukaryottc 
cells of interest include plant cells, such as maize, rice, wheat, cotton, soybean, sugarcane, 
tobacco, and arabidopsis; fish, algae, fungi (Penicillium, Fusarium, Aspergillus, Podospora, 
NeurospQm)r insects, yeasts (Picchia and Saccharomyces). 

The choice of host will deperKioh a number of factors, depending on the : 

25 intended use of the engineered host, including pathogerdci^, substrate range, ertv ii o nmental ' 
hardiness, presence of key intermediates, ease of genetic manipulation, and Bkelihood of 
promiscuous transfer of genetic information to other organisms:' A preferred host has the ' 
ability to replicate vector DNA. express proteins of interest, and properly traffic proteins of 
^ interest. Particulariy advantageous hosts are £ co//, lactobacilli, Streptomycetes, 

30 Actinomycetes, fungi such as Saccaromyces cerfvisiae or Pischia pastoris, Schneider cells, 
L-celis, COS cells, CHO cells, and transformed B cell lines such as SP2/0, J558, NS-1 and 
AG8-653. 

The breeding procedure starts with at least two substrates that generally 
show substantial sequence identity to each other (i.e., at least about 50%, 70%, 80% or 90% 
35 sequence identity), but differ from each other at certain positions. Th difference can be any 
type of mutation, for exampl . substitutions, insertions and deletions. Often, different 
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segments differ from each other in perhaps 5-20 positions. For recombination to generate 
increased diversity relative to the starting materials, the starting materials must differ from 
each other in at least two nucleotid positions. That is, if there are only two substrat s. there 
should be at least two divergent positions. If there are three substrates, for example, one 
5 substrate can differ from the second as a single position, and the second can differ from the 
third at a different single position. The starting DNA segments can be natural variants of 
each other, for example, allelic or spenifts variants. The segments can also beirom 
ntmaffelirgenes showing some degree of structural and usually functional nefatedness (e.g., 
different genes within a superfamily such as the immunoglobulin superfamily). The starting 

10 DNA segments can also be induced variants of each other. For example, one DNA segment 
can be produced by enxir-prone PGR replication of the other, or by substitution of a 
mutagenic cassette. Induced mutants can also be prepared by propagating one (or both) of 
the segments in a mutagenic strain. In these situations, strictly speaking, the second DNA 
segment is not a single segment but a large family of related segments. The different 

15 segments fonning the starting materials are often the same length or substantially the same 
length. However, this need not be the case. For example; one segment can be a 
subsequence of another. The segments can be present as part of larger molecules, such as 
vectors, or can be in isolated form. 

The starting DNA segments are recombined by any of the recursive sequence 

20 recombination formats provided herein to generate a diverse library of recombinant DNA 
segments. Such a library can vary widely in size from having fewer than 10 to more than 
to*. 10^ or 10^2 members. In general, the starting segments and the recombinant libraries 
gererated include ftiU-length coding sequsa:esOTd any essential regulatory sequences, ; 
such as a promoter and polyadenylation sequent, required for expression: However, if this 

25 is not the case, the recombinant DNA segments m the library can be inserted into a common 
vector providing the missing sequences befbreperfonming screening/selecBaru 

tf the recursive sequence recombination fionmat employed is an in vivo format, 
the library of recombinant DNA segments generated already exists in a cell, which istisually 
the cell type in which expression of the enzyme with altered substrate specificity is desired. 

30 If recursive sequence recombination is performed in vitro, the recombinant library is 

preferably introduced into the desired cell type before screening/selection. The members of 
the recombinant library can be linked to an episome or virus before introduction or can be 
introduced directly. In some embodiments of the invention, the library is amplified in a first 
host, and is then recovered from that host and introduced to a second host more amenable 

35 to xpression, selection, or screening, or any other d sirable parameter. Th manner in 
which the library is introduced into the cell type depends on the DNA-uptake charact ristics 
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of the cell type, e.g., having viral receptors, being capable of conjugation, or being naturally 
competent. If the cell type is insusceptible to natural and chemicaMnduced compet nc , but 
susceptible to eiectroporation, one would usually employ electroporation. If the cell type is 
insusceptible to electroporation as well, one can employ biolistics. The b?oKstic POS-1000 
5 Gene Gun (Biorad, Hercules, CA) uses helium pressure to accelerate DNA-coated gold or 
tungsten microcarriers toward target ceils. The process is applicable to a wide range of 
tisfajes. including plants, bacteria, ftingi, algae, intad aniniai tissues, tissue culture cells, and 
af i ln i a t embryos. One can employ electronic pulse delivery, which is essentialfy a mild 
electroporation format for live tissues in animals and patients. Zhao, Advanced Drug 

10 Delivery Reviews 17:257-262 (1995). Novel methods for making cells competent are 
described in co-pending application U.S. Patent Application Serial No. 08/621,430, filed 
K March 25. 1996. After introduction of the library of recombinant DMA genes, the cells are 
optionally propagated to allow expression of genes to occur. 
A. In Vitro Formats 

15 One format for recursive sequence recombination utilizes a pool of related 

sequences. The sequences can be DMA or RNA and can be of various lengths depending 
on the size of the gene or DMA fragment to be recombined or reassembled. Preferably the 
sequences are from 50 bp to 100 kb. 

The pool of related substrates can be fragmented, usually at random, into 

20 fragments of from about 5 bp to 5 kb or more. Preferably the size of the random fragments 
is from about 10 bp to 1000 bp, more preferably the size of the DNA fragments is from about 
20 bp to 500 bp. The substrates can be digested by a number of different methods, such as 
DNAsel orRNAse digestion, random shearing or restriction enzyme digestion. The 
concentration of nucleic acid fragments iof a particular length is often less than 0.1 % or 1% 

25 by weight of the total nudeic add. The number of different specific nudeic add fragmerrts in 
the mbcture is usually at (east about 100, 500 or 1000. 

The nnixed population of nudeic add fragments are denatured by heating to 
about 80** C to 100° C, more preferably from 90° C to 96° C, to form singfe-stranded nucleic 
add fragments. Single-stranded nudeic add fragments having regions of sequence identity 

30 with other single-stranded nudeic add fragments can then be reannealed by cooling to G'^C 
to 75°C, and preferably from 40°C to 65°C. Renaturation can be accelerated by the addition 
of polyethylene glycol C*PEG") or salt. The salt concentration is preferably from 0 mM to 600 
mM, more preferably the salt concentration is from 10 mM to 100 mM. The salt may be such 
salts as (NH4)2S04, KOI, or NaCI. The concentration of PEG is preferably from 0% to 20%, 

35 more preferably from 5% to 10%. The fragments that reanneal can be from different 
substrat s. 
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The annealed nucleic acid fragments are incubated in th presence of a 
nucleic acid polymerase, such as Taq or Klenow. Mg** at 1mM - 20mM, and dNTPs (i. 
dATP, dCTP, dGTP and dTTP). If regions of sequence identity are large, Taq or other high- 
temperature polymerase can be used with an annealing temperature of between 45-65 **C. If 
5 the areas of identity are small, Klenow or other polymerases that are active at low 
temperature can be used, with an annealing temperature of between 6-30°C. The 
pQlymerasa^^can be added to the random nucldc add fragments prior to annealing, 
simultanCTusly with annealing or after annealing. - 

The cycle of denaturation, renaturation and incubation of random nucleic acid 

10 fragments in the presence of polymerase is sometimes refenred to as "shuffling" of the 
nucleic acid in vitro. This cycle is repeated for a desired number of times. Preferably the 
cycle is repeated from 2 to 100 times, more preferably the sequence is repeated from 10 to 
40 times. The resulting nucleic acids are a family of double-stranded polynucleotides of from 
about 50 bp to about 100 kb. preferably from 500 bp to 50 kb. The population represents 

15 variants of the starting substrates showing substantial sequence identity thereto but also 
diverging at several positions The population has many more members than the starting 
substrates. The population of fragments resulting from recombination is preferably first 
amplified by PGR, then cloned into an appropriate vector and the ligation mixture used to 
transfonm host cells. 

20 In a variation of in vitro shuffling, subsequences of recombination substrates 

can be generated by amplifying the full-length sequences under conditions which produce a 
substantial fraction, typically at least 20 percent or more, of incompletely extended 
amplificatiorrproducts. The amplification products, includingthe incompletely extended 
amplificatlan pruducts are denatured and subjected to at least one additional c^e of 

25 reanneaiing and amplification. This variation, vuherein at least one cycle of reannealing and 
amptification provides a substantial fraction of i ncompl et e ly extended products, is termed 
"stuttering." -fn the subsequent amplification round, the incompletely extended products 
anneal to and prime extension on different sequence-related template species. 

In a further variation, at least one cyde of amplification can be conducted 

30 using a collection of overiapping single-stranded DNA fragments of related sequence, and 
different lengths. Each fragment can hybridize to and prime polynucleotide chain extension 
of a second fragment from the collection, thus forming sequence-recombined 
polynucleotides. In a further variation, single-stranded DNA fragments of variable lengtii can 
be generated from a single primer by Vent DNA polymerase on a first DNA template. The 

35 singi strand d DNA fragments are used as primers for a second. Kunkel-type templat . 
consisting of a uracil-containing drcular single-stranded DNA. This results in multiple 
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substitutions of the first template into the second (see Levichkin et al., Mol. Biology 
29:572-577 (1995)). 

Nucleic acid sequences can be recombined by recursive sequence 
recombination even if they lack sequence homology. Homology can be introduced using 
5 synthetic oligonucleotides as PGR primers. In addition to the specific sequences for the 
nucleic acid segment being amplified, all of the primers used to amplify one particular 
segnrrent are synthesized to contain an additional sequence of 20-40 bases S to the gene 
(sequence A) and a different 20-40 base sequence 3' to the segment (sequence B). An 
adjacent segment is amplified using a 5' primer which contains the complementary strand of 
10 sequence B (sequence B'), and a 3* primer containing a different 20-40 base sequence (C). 
Similariy, primers for the next adjacent segment contain sequences C* (complementary to C) 
^ and D. In this way, small regions of homology are introduced, making the segments into site- 
specific recombination cassettes. Subsequent to the initial amplification of individual 
segments, the amplified segments can then be mixed and subjected to primeriess PGR. 
15 When domains within a polypeptide are shuffled, it may not be possible to 

introduce additional flanking sequences to the domains, due to the constraint of maintaining 
a continuous open reading frame. Instead, groups of oligonucleotides are synthesized that 
are homologous to the 3* end of the first domain encoded by one of the genes to be shuffled, 
and the 5' ends of the second domains encoded by all of the other genes to be shuffled 
20 together. This is repeated with all domains, thus providing sequences that allow 
recombination between protein domains while maintaining their order. 
B. /n Vivo Formats 

1. Ptasmid-Plasmtd Recombinatton 

The initial substrates for recombination are a collection of polynucleotides : 
25 comprising variant forms of a gene. The variant fonms usually show substantial sequence 
identity to each other sufficient to allow homologous recombination between substrates. The 
diversity between the polynucleotides can be natural (e.g., aBelic or species variants), ' 
induced (e.g.; error-prone PGR or enor-prone recursive sequence recombination), or the 
result of in vitro recombination. Diversity can also result from resynthesizing genes encoding 
30 natural proteins with alternative codon usage. There should be at least sufficient diversity 
between substrates that recombination can generate more diverse products than there are 
starting materials. There must be at least two substrates differing in at least two positions. 
However, commonly a library of substrates of 10^-10® members is employed. The degree of 
diversity depends on the length of the substrate being recombined and the extent of the 
35 functional change to be evolved. Diversity at betwe n 0.1-25% of positions is typical. Th 
diverse substrates are incorporated into plasmids. The plasmids are often standard cloning 
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vectors, e.g., bacterial multicopy plasmids. How ver, in some methods to b described 
below, the plasmids include mobilization (MOB) functions. The substrates can b 
incorporated into the same or different plasmids. Often at least two different types of 
plasmid having different types of selectable markers are used to allow selection for cells 
5 containing at least two types of vector. Also, where different tj^es of plasmid are employed, 
the different plasmids can come from two distinct incompatibility groups to allow stable co- 
existenceof two different plasmids wtthki the ceil. Nevertheless, plasmids from the same 
fncompatibility group can still co-exist withinihe same cell for sufficient time to allow^ 
homologous recombination to occur. 

10 Plasmids containing diverse substrates are initially introduced into cells by any 

method (e.g., chemical transformation, natural competence, electroporation, biolistics, 
packaging into phage or viral systems). Often, the plasmids are present at or near saturating 
concentration (with respect to maximum transfection capacity) to increase the probability of 
more than one plasmid entering the same cell. The plasmids containing the various 

15 substrates can be transfected simultaneously or in multiple rounds. For example, in the 

latter approach cells can be transfected with a first aliquot of plasmid, transfectants selected 
and propagated, and then infected wrth a second aliquot of plasmid. 

Having introduced the plasmids into cells, recombination between substrates 
to generate recombinant genes occurs within cells containing multiple different plasmids 

20 merely by propagating the cells. However, cells that receive only one plasmid are unable to 
participate in recombination and the potential contribution of substrates on such plasmids to 
evolution is not fully exploited (although these plasmids may contribute to some extent if they 
are progagated in mutatoc^cells).. The rate ot evolution can be increased by allowing all 
substrats to participate rn recombrnatron. Such can be achieved by subjecting transfected 

25 cells to electruporE^ion. The conditions f or^ectroporation are the same as those 

conventionaUy used for introducing exogecwusDNA Into cells {e.g., 1,000-2,500 votts,*400 . 
liF ancf a 1-2 mM gap). Under these conditions, pfasnrids are exchanged between ceils 
allowing all substrates to participate in recombination. In addition the products of 
recombination can undergo further rounds of recombination with each other or with the 

30 original substrate. The rate of evolution can also be increased by use of conjugative 
transfer. To exploit conjugative transfer, substrates can be cloned into plasmids having 
MOB genes, and tra genes are also provided in cis or in trans to the MOB genes. The effect 
of conjugative transfer is very similar to electroporation in that it allows plasmids to move 
between cells and allows recombination between any substrate and the products of previous 

35 recombination to occur, merely by propagating the culture. The rat of evolution can also be 
incr ased by fusing cells to induce exchange of plasmids or chromosomes. Fusion can be 
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induced by chemical agents, such as PEG, or viral proteins, such as influenza virus 
hemagglutinin. HSV-1 gB and gD. The rate of evolution can also be increased by us of 
mutator host cells (e.g., Mut L, S, D, T, H in bacteria and Ataxia telangiectasia human cell 
lines). 

5 The time for which cells are propagated and recombination is allowed to 

occur, of course, varies with the cell type but is generally not critical, because even a small 
degree of recombination can substantially increase diversity relative to the starting materials. 
Ceffs braring plasmids containtrrg recomlnrrerf genes are subject to screening or selection for 
a desired function. For example, if the substrate being evolved contains a drug resistance 

10 gene, one would select for dmg resistance. Cells surviving screening or selection can be 
subjected to one or more rounds of screening/selection followed by recombination or can be 
subjected directly to an additional round of recombination. "Screening'* as used herein is 
intended to include "selection" as a type of screen. 

The next round of recombination can be achieved by several different formats 

15 independently of the previous round. For example, a further round of recombination can be 
effected simply by resuming the electroporation or conjugation-mediated intercellular transfer 
of plasmids described above. Altematively, a fresh substrate or substrates, the same or 
different from previous substrates, can be transfected into cells surviving 
selection/screening. Optionally, the new substrates are included in piasmid vectors bearing 

20 a different selective marker and/or from a different incompatibility group than the original 

plasmids. As a further altemative, cells surviving selection/screening can be subdivided into 
two subpoputations, and piasmid DNA from one subpopulation transfected into the other, 
where the substrates from the plasmids from the two subpopulations undergo a further round 
of recof T ibinatia rL In either of the latter tuyo options, the rate of evolution can be increased by. 

25 employing ONA extraction, eiectroporattorr, conjugation or mutator cells, as <iescribed above; v 
In a still further vanation, DNA from ceHs surviving screening/setecbon can be extracted and . 
subjected to in vitfo recursive sequence recoiribinaliuri. 

After the second round of recombiriation. a second round of 
screening/selection is performed, preferably under conditions of increased stringency. If 

30 desired, further rounds of recombination and selection/screening can be performed using the 
same strategy as for the second round. With successive rounds of recombination and 
selection/ screening, the surviving recombined substrates evolve toward acquisition of a 
desired phenotype. Typically, in this and other methods of recursive recombination, the final 
product of recombination that has acquired the desired phenotype differs from starting 

35 substrates at 0.1%-25% of positions and has evolved at a rate orders of magnitude in xc ss 
(e.g., by at least 10-fold, 100-fold, 1000-fold, or 10,000 fold) of th rate of volution driven by 
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naturally acquired mutation of about 1 mutation per 10'^ positions per generation (se 
Anderson et a!., Proc. Natl. Acad. Sci. U.S.A . 93:906-907 (1996)), The "final product" may 
be transferred to another host more desirable for utilization of the "shuffled" DMA. This is 
particularly advantageous in situations where the more desirable host is less efficient as a 
5 host for the many cycles of mutation/ recombination due to the lack of molecular biology or 
genetic tools available for other organisms such as E. coli. 

2. Vtru^-Piasmid Recom>?!n?tion 

The strategy used for plasmrd-plasmid recombination can afso be used for 
virus-plasmid recombination; usually, phage-plasmid recombination. However, some 

10 additional comments particular to the use of viruses are appropriate. The initial substrates 
for recombination are cloned into both plasmid and viral vectors. It is usually not critical 
which substrate(s) is/are inserted into the viral vector and which into the plasmid, although 
usually the viral vector should contain different substrate(s) from the plasmid. As before, the 
plasmid (and the virus) typically contains a selective marker The plasmid and viral vectors 

15 can both be introduced into cells by transfection as described above. However, a more 
effident procedure is to transfect the cells with plasmid. select transfectants and infect the 
transfectants with virus. Because the effidency of infection of many viruses approaches 
100% of cells, most cells transfected and infected by this route contain both a plasmid and 
virus bearing different substrates. 

20 Homologous recombination occurs between plasmid and virus generating 

both recombined plasmids and recombined virus. For some viruses, such as filamentous 
phage, in which intracellular DMA exists in both double-stranded and single-stranded forms, 
both can partidpate in recombination. Providedihat the virus is not one that rapidly kills 
cells, recomtiination can be augmented by use of electroporation or conjugation to trartsfer x 

25 plasntidsbetvkreen cells. Recombination can^so be augmented for some types of virus by 
aDowing the progeny virus from one cell to reinfect otter cells. For some types of virus; virus 
infected-cells show resistance to superinfection. However, suchTesistancecan te 
overcome by infecting at high multiplidty and/or using mutant strains of the virus in which 
resistance to superinfection is reduced. 

30 The result of infecting plasmid-containing cells with virus depends on the 

nature of the virus. Some viruses, such as filamentous phage, stably exist with a plasmid in 
the cell and also extrude progeny phage from the cell. Other viruses, such as lambda having 
a cosmid genome, can stably exist in a cell like plasmids without produdng progeny virions. 
Other viruses, such as the T-phage and lytic lambda, undergo recombination with the 

35 plasmid but ultimately kill the host cell and destroy plasmid DNA. For viruses that infect cells 
without killing the host, cells containing recombinant plasmids and virus can be 
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screened/selected using the same approach as for plasmid-plasmid recombination. Prog ny 
virus extruded by cells surviving selection/screening can also be collected and used as 
substrates in subsequent rounds of recombination. For viruses that kill their host cells, 
recombinant genes resulting from recombination reside only in the progeny virus. If the 
5 screening or selective assay requires expression of recombinant genes in a cell, the 

recombinant genes should be transferred from the progeny virus to another vector, e.g.. a 
plasmtd vector, and retransfected inta ceUs before selection/screenins performed. 

For filamentous phage, the products of recombination are present in both 
cells surviving recombination and in phage extruded from these cells. The dual source of 

10 recombinant products provides some additional options relative to the plasmid-ptasmid 

recombination. For example, DMA can be isolated from phage particles for use in a round of 
in vitro recombination. Alternatively, the progeny phage can be used to transfect or infect 
cells surviving a previous round of screening/selection, or fresh cells transfected v^th fresh 
substrates for recombination. 

15 3. Virus-Virus Recombination 

The principles described for plasmid-plasmid and plasmid-viral recombination 
can be applied to virus-virus recombination with a few modifications. The initial substrates 
for recombination are cloned into a viral vector. Usually, the same vector is used for all 
substrates. Preferably, the virus is one that, naturally or as a result of mutation, does not kill 

20 cells. After insertion, some viral genomes can be packaged in vitro or using a packaging cell 
line. The packaged viruses are used to infect cells at high multiplicity such that there is a 
high probability that a cell will receive multiple viruses bearing different substrates. 

After the initial round of mfediorT. subsequent steps dep&id on the nature of 
infection as discussed in the previous section. For example, if the viruses have phagemid * ^ 

25 (Sambrook et at., Motecular Cloninq. CSH Press, 1987) genomes such as lambda cosmids ■ 
or Mt3, Ft or Fd phagennds, tiie phagemids behave as ptasmtds within the ceU and undergo 
recombination simply by propagating within the ceHs. Recombination is particufariy efficient 
between single-stranded forms of intracelhiiar DNA. Recombination can be augmented by 
electroporation of cells. 

30 Following selection/screening, cosmids containing recombinant genes can be 

recovered from surviving cells, e.g.. by heat induction of a cos* lysogenic host cell, or 
extraction of DNA by standard procedures, followed by repackaging cosmid DNA in vitro. 

If the viruses are filamentous phage, recombination of replicating form DNA 
occurs by propagating the culture of infected cells. Selection/screening identifies colonies of 

35 cells containing viral v ctors having recombinant genes with improved properties, together 
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with infectious particles (i.e., phage or packaged phagemids) extruded from such cells. 
Subsequent options are essentially the same as for plasmid-virai recombination. 
4. Chr mosomeR combinatt n 

This format can be used to especially evolve chromosomal substrates. The 
5 format is particularly preferred in situations in which many chromosomal genes contribute to 
a phenotype or one does not know the exact location of the chromosomal gene(s) to be 
evolvecL The initial substrates for reoambinatkm are cloned inta a plasnrud vectar. K the 
chromosomal gene(s) to be evolved are*nown, the substrates constrtute a family of 
sequences showing a high degree of sequence identity but some divergence from the 

10 chromosomal gene. If the chromosomal genes to be evolved have not been located, the 
initial substrates usually constitute a library of DMA segments of which only a small number 
show sequence identity to the gene or gene(s) to be evolved. Divergence between plasmid- 
bome substrate and the chromosomal gene(s) can be induced by mutagenesis or by 
obtaining the plasmid-bome substrates from a different species than that of the cells bearing 

1 5 the chromosome. 

The plasmids bearing substrates for recombination are transfected into cells 
having chromosomal gene(s) to be evolved. Evolution can occur simply by propagating the 
culture, and can be accelerated by transfening plasmids between cells by conjugation or 
electroporation. Evolution can be further accelerated by use of mutator host cells or by 

20 seeding a culture of nonmutator host cells being evoh^ed with mutator host cells and inducing 
intercellular transfer of plasmids by electroporation or conjugation. Preferably, mutator host 
cells used for seeding contain a negative selectable maricerto facilitate isolation of a pure 
culture ol the nonmutator cells being evolved. Selection/screening identifies cells bearing 
chromosonrres arnl/or plasmids that haveevoh/ed tov^^ard acquisition of a desired functioa 

25 Subsequent rounds of xecombin^anarKt selection/screening proceed in 

similar fashion to those described for pfasmfd-ptasnrrid cecomfcnnation. For exannple, further 
recorrrbrnatrorr can be effected by propagating cells surviving reconrbrnation in combrrration' 
with electroporation or conjugative transfer of plasmids. Alternatively, plasmids bearing 
additional substrates for recombination can be introduced into the surviving cells. Preferably, 

30 such pfasmids are from a different inconrpatrbility group and bear a different selective martcer 
than the original plasmids to allow selection for cells containing at least two different 
plasmids. As a further altemative, plasmid and/or chromosomal DNA can be isolated from a 
subpopulation of surviving cells and transfected into a second subpopulation. Chromosomal 
DNA can be cloned into a plasmid vector before transfection. 
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5. Virus-Chr mosome Recombination 

As in the other methods described above, the virus is usually one that does 
not kill the cells, and is often a phage or phagemid. The procedure is substantially the same 
as for plasmid-chromosome recombination. Substrates for recombination are cloned into the 
5 vector. Vectors including the substrates can then be transfected into cells or in vitro 
packaged and introduced into cells by infection. Viral genomes recombine with host 
chramosomes merely by propag^ing aoitture. Evolution can be accelerated by allowing 
rnterceflufar transfer of viral genomes by electruporation, or reinfection of cells by progeny 
virions. Screening/selection identifies cells having chromosomes and/or viral genomes that 

10 have evolved toward acquisition of a desired function. 

There are several options for subsequent rounds of recombination. For 
example, viral genomes can be transfened between cells surviving selection/recombination 
by electroporation. Alternatively, viruses extruded from cells surviving selection/screening 
can be pooled and used to superinfect the cells at high multiplicity. Alternatively, fresh 

15 substrates for recombination can be introduced into the cells, either on plasmid or viral 
vectors. 

II. Application of Recursive Sequence Recombination to Evolution of Polypeptides 

In addition to the techniques described above, some additionally 
advantageous modifications of these techniques for the evolution of polypeptides are 

20 described below. These methods are referred to as Tine grain" and "coarse grain** shufffrrrg. 
The coarse grain methods allow one to exchange chunks of genetic material between 
substrate nucleic acids, thereby limiting diversity in the resulting recombinants to exchanges 
or substttutKOfTS of domains, restriction fra gments, oligo-encoded blocks of mutations, or 
other arbitrari ly defined segments, rather than introducing diversity more randomly across the^ 

25 substrate: In coritrast to coarse grain shuffDrig, fine grain ^uif^ 

gena^on of all possible recombinations, or permutations^ of a grvm set of very doseiy 
linked mutations, Including multiple permutations, within a single segment, such as a codon. 

In some embodiments, coarse grain or fine grain shuffling techniques are not 
performed as exhaustive searches of all possible mutations within a nucleic acid sequence, 

30 Rather, these techniques are utilized to provide a sampling of variation possible within a 

gene based on known sequence or structural information. The size of the sample is typically 
determined by the nature of the screen or selection process. For example, when a screen is 
perfonmed in a 96-well microtiter format, it may be preferable to limit the size of the 
recombinant library to about 100 such microtiter plates for convenience in screening. 
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The techniques described herein ar especially useful in th recombination of 
genes from gene families, wherein diversity in nucleotide sequence is provided all or in part 
by naturally occurring differences in the nucleotide sequence of the genes in the family. 

A "gene family" as used herein is intended to include genes with similar 
5 function, such as but not limited to interferons or interieukins; genes which are believed to be 
derived by descent from a common ancestor; and genes which encode proteins that are 
struduratly homologous, such as four helix bundle proteins. 

Thus, for example, DNA orpnDtein sequences can be aligned by corrrputer 
algorithms, such as those described in the monograph on bioinformatics by Schomburg and 

10 Lessel (Schomburg and Lessel. Bioinformatics: From Nucleic Acids and Proteins to Cell 
Metabolispi. October 9-11, 1995, Braunschweig, Germany). These algorithms can 
determine the likelihood that two sequences, or subdomains of sequences, are related to 
each other by descent from a common ancestor. Sequences that are judged to be derived 
by descent from a common ancestor comprise a "homologous gene family", and DNA 

15 shuffling can be used to accelerate the evolution of these gene families. 

Furthermore, many distinct protein sequences are consistent with similar 
protein folds, and such families of sequences can be said to comprise "structurally 
homologous" gene families. The superfamily of four helix bundle proteins are such a family. 
Although this is a very large family of functionally highly diverse proteins ranging from 

20 cytokines to enzymes to DNA binding proteins having this fold, it is unlikely that these 

proteins are derived from a common ancestor. It is more likely that they have "convergently 
evolved" to have similar protein folds. There are now functional algorithms (Dahiyat et al.. 
Science Zl&aZ-Sl (1997)) that allow one to des^ proteins with desired proteffi folds, and ^ 
such al^mthnts have been usedio design; for exanrTple, zi^ 

25 related in primary sequence to any known natural proteins. : 

A. Use of Re striction Enrvme Sftes to Recombme IWtitatrons 

In some situations it is advantageous to use restrictton enzyme sites in 
nudeic acids to direct the recombination of mutations m a nucleic acid sequence of interest.: 
These techniques are particulariy preferred in the evolution of fragments that cannot reacfily 

30 be shuffled by existing methods due to the presence of repeated DNA or other problematic 
primary sequence motifs. They are also prefened for shuffling large fragments (typically 
greater than 10 kb), such as gene clusters that cannot be readily shuffled and "PGR- 
amplified" because of their size. Although fragments up to 50 kb have been reported to be 
amplified by PGR (Barnes. Proc. Natl. Ac ad. Sci. ^U.S.A^ 91:2216-2220 (1994)), it can be 

35 probl matic for fragments over 10 kb. and thus altemativ methods for shuffling in the range 
of 10 - 50 kb and beyond are pref ned. Preferably, th restriction endonucleases used are 



BNSDOCID: <WO_ 



.9827230A1_L> 



wo 98/27230 



PCr/US97/24239 



23 

of the Class II type (Sambrook et a!., Molecular Cloning . CSH Press. 1987) and of these, 
pr ferably those which generate nonpalindromic sticky end overhangs such as Alwn I. Sfi I or 
BstX1. These enzymes generate nonpalindromic ends that allow for efficient ordered, 
reassembly with DNA ligase. Typically, restriction enzyme (or endonudease) sites are 
5 identified by conventional restriction enzyme mapping techniques (Sambrook et a!.. 

Molecular Clonino. CSH Press, 1987), by analysis of sequence information for that gene, or 
by introdudkon of desired restriction sites kite a nucleic add sequence by synthesis (Le. by 
rn c o rpuid t io ii of 'Silent mutations). 

The DNA substrate molecules to be digested can either be from in vivo 

10 replicated ONA, such as a plasmid preparation, or from PCR amplified nudeic acid 

fragments harboring the restridion enzyme recognition sites of interest, preferably near the 
ends of the fragment. Typically, at least two variants of a gene of interest, each having one 
or more mutations, are digested with at least one restridion enzyme determined to cut within 
the nucleic add sequence of interest. The restriction fragments are then joined with DNA 

15 ligase to generate full length genes having shuffled regions. The number of regions shuffled 
v^ll depend on the number of cuts within the nucleic acid sequence of interest. The shuffled 
molecules can be introduced into cells as described above and screened or seleded for a 
desired property. Nucleic add can then be isolated from pools (libraries) or clones having 
desired properties and subjeded to the same procedure until a desired degree of 

20 improvement is obtained. 

In some embodiments, at least one DNA substrate molecule or fragment 
thereof is isolated and subjeded to mutagenesis. In some embodiments, the pool or library 
of religated restridion fragments are subjeded to mutagenesis before the digestiorvligation 
process is repeated. "Mutagenesis" as used herein comprises such techniques known in the 

25 art as PCR mutagenesis. oligonudeotickKfireded nnitagenesis, siterdireded mutagenesis, 
etc., and recursive sequence recombination by any of the tedmrques descrft)ed herein. 

An example of the use of this format is m the manipulation of polykettde 
dusters. Polyketide clusters (Khosia et al., TIBTECH 14. September 1996) are typically 10 
to 100 kb in length, specifying multiple large polypeptides which assemble into very large 

30 multienzyme complexes. Due to the modular nature of these complexes and the modular 
nature of the biosynthetic pathway, nucleic acids encoding protein modules can be 
exchanged between different polyketide clusters to generate novel and fundional chimeric 
polyketides. The introdudion of rare restridion endonudease sites such as Sfil (eight base 
recognition, nonpalindromic overhangs) at nonessential sites between polypeptides or in 

35 introns engineered within polyp ptides would provide "handles" with which to manipulate 
exchange of nudeic acid segments using the techniqu described above. 
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B. R assembly PGR 

A further technique for recursively recombining mutations in a nucleic add 
sequence utilizes "reassembly PGR". This method can be used to assemble multiple 
segments that have been separately evolved into a full length nucleic acid template such as 
5 a gene. This technique is performed when a pool of advantageous mutants is known from 
previous work or has been identified by screening mutants that may have been created by 
any mutagenesis technrque knoMm on the art,' such as PGR muiageriesis, cassette 
mutagenesis, doped oligo mutagenesis, chemical mutagenesis, or pn^pSgatibn of the DMA 
template in vivo in mutator strains. Boundaries defining segments of a nucleic acid 

10 sequence of interest preferably lie in intergenic regions, introns. or areas of a gene not likely 
to have mutations of interest. Preferably, oligonucleotide primers (oligos) are synthesized for 
PGR amplification of segments of the nucleic add sequence of interest, such that the 
sequences of the oligonudeotides overiap the junctions of two segments. The overiap 
region is typically about 10 to 100 nudeotides in length. Each of the segments is amplified 

15 with a set of such primers. The PGR products are then "reassembled" according to 
assembly protocols such as those used in Sections lA-B above to assemble randomly 
fragmented genes. In brief, in an assembly protocol the PGR products are first purified away 
from the primers, by, for example, gel electrophoresis or size exdusion chromatography. 
Purified products are mixed together and subjected to about 1-10 cydes of denaturing, 

20 reannealing, and extension in the presence of polymerase and deoxynudeoside 

triphosphates (dNTPs) and appropriate buffer salts in the absence of additional primers 
("sdf-priming"). Subsequent PGR with primers flanking the gene are used to amplify the yield 
of tte'fUf/.reass^nbtedand shuffled ger«5:: Thts method is necessarily "coarse grain" and 
hence ont/reoombines mutations in a bbdcwise fashion, an advantage for some searches 

25 such as when recombining allefrc variants: of multiple genes within an operon. 

In some embodiments, the resulting reassembled genes are subjected to 
mutagenesrs-befbre the process is repeated. 

In some emt)odiments, oligonudeotides that incorporate uradi into the 
primers are used for PGR amplification. Typically uradI is incorporated at one site in the 

30 oligonudeotide. The products are treated with uradI glycosylase, thereby generating a 

single-stranded overhang, and are reassembled in an ordered fashion by a method such as 
disdosed by Rashtchian fGun^ent Biology. 6:30-36 (1995)). 

In a further embodiment, the PGR primers for amplification of segments of the 
nudeic add sequence of interest are used to introduce variation into the gene of interest as 

35 follows. Mutations at sites of interest in a nuci ic add sequence are identified by sere ning 
or selection, by sequendng homologues of the nucleic add sequ nee, and so on. 
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Oligonucleotide PGR primers are then synthesized which encode wild t^e or mutant 
information at sites of interest. Thes primers are then used in PCR mutagen sis to 
generate libraries of full length genes encoding pemiutations of wild type and mutant 
infomnation at the designated positions. This technique is typically advantagous in cases 
5 where the screening or selection process is expensive, cumbersome, or impractical relative 
to the cost of sequencing the genes of mutants of interest and synthesizing mutagenic 
oligonucleotides. 

An example of this method ts the evolution of an improved Taq polymerase, 
as described in detail below. Mutant proteins resulting from application of the method are 

10 identified and assayed in a sequencing reaction to identify mutants with improved 

sequencing properties. This is typically done in a high throughput format (see, for example, 
Broach et al. Nature 384 (Supp): 14-16 (1996)) to yield, after screening, a small number, 
e.g., about 2 to 100, of candidate recombinants for further evaluation. The mutant genes 
can then be sequenced to provide information regarding the location of the mutation. The 

15 corresponding mutagenic oligonucleotide primers can be synthesized from this infonmation. 
and used in a reassembly reaction as described above to efficiently generate a library with an 
average of many mutations per gene. One or more rounds of this protocol allows the 
efficient search for improved variants of the Taq polymerase. 
C. Enrichment for Mutant Sequence information 

20 In some embodiments of the invention, recombination reactions, such as 

those discussed above, are enriched for mutant sequences so that the multiple mutant 
spectrum, i.e. possible combinations of mutations, is more efficiently sampled. The rationale 
for this is as fdUows. Assume that a number, n, of mutant clones with improved activity is 
obtained, wherein each done has a single point mutation at a dtff^ent position rn the nudeic : 

25 add sequence. If this population of mutsffit denes with an average of one nmitation of 
interest per nudetc add sequence is then put into a recombinatton reaction/ the resulting 
population vtrili still have an average of one nmtation of interest per nudeic add sequernre as 
defined by a Potsson distribution, leaving the multiple mutation spectrum relatively 
unpopulated. 

30 The amount of screening required to identify recombinants having two or 

more mutations can be dramatically reduced by the following technique. The nudeic add 
sequences of interest are obtained from a pool of mutant dones and prepared as fragments, 
typically by digestion with a restriction endonudease , sonication, or by PCR amplification. 
The fragments are denatured, then allowed to reanneal, thereby generating mismatched 

35 hybrids where one strand of a mutant has hybridized with a complementary strand from a 
different mutant or wild-type clone. Th reannealed products are then fragmented into 
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fragments of about 20-100 bp, for example, by the use of DNAsel. This fragmentation 
reaction has the effect of segregating regions of the template containing mismatch s (mutant 
information) from those encoding wild type sequence. The mismatched hybrids can then be 
affinity purified using aptamers, dyes, or other agents which bind to mismatched DNA. A 
5 prefen-ed embodiment is the use of mutS protein affinity matrix (Wagner et al.. Nucleic Acids 
Ees, 23(19):3944-3948 (1995); Su et al., Proc. Natl. Acad. Sci. m.S A ) 83:5057- 
5Qfil(1saa)) with a preferred step of anpU^g the affinity-purifiedrnaterial in vitro prior to an 
assembfyreaction. This amplified nrateriaf is then pot into a assembfy PGR reacffbn^^^^ 
decribed above. Optionally, this material can be titrated against the original mutant pool 

10 (e.g., from about 100% to 10% of the mutS enriched pool) to control the average number of 
mutations per clone in the next round of recombination. 

Another application of this method is in the assembly of gene constructs that 
are enriched for polymorphic bases occurring as natural or selected allelic variants or as 
differences between homologous ger>e$ of related species. For example, one may have 

15 several varieties of a plant that are bebeved to have heritable variation in a trait of interest 
(e.g.. drought resistance). It then ts of interest to construct a library of these variant genes 
containing many mutations per gene. MutS selection can be applied in combination with the 
assembly techniques described herein to generate such a pool of recombinants that are 
highly enriched for polymorphic fmulant") information. In some embodiments, the pool of 

20 recombinant genes is provided in a transgenic host. Recombinants can be further evolved 
by PCR amplification of the transgene from transgenic organisms that are determined to 
have an improved phenotype and applying the formats described in this invention to further 
evolve tk»TT: : v r 

IntTPn-driven Recombtnatiorr j 

25 In some instances, the sutistrale molecules for recambiriation have urHfbnmfy 

low homology, sporadicafly distributed reports of homotagy, or the region of homoiogy is : ; 
relatively small (fbrexample. about 10 • 100 bp), suctr as pfrage displayed peptide ligands. 
These factors can reduce the efficiency and randomness of recombination in RSR. In some 
embodiments of the invention, this problem is addressed by the introduction of introns 

30 between coding exons in sequences encoding protein homologues. In further embodiments 
of the invention, introns can be used (Chong et al., J. Biol. Chem, 271:22159-22168 (1996)). 

In this method, a nucleic acid sequence, such as a gene or gene family, is 
artJitrarily defined to have segments. The segments are preferably exons. Introns are 
engineered between the segments. Preferably, the intron inserted between the first and 

35 second segments is at least about 10% divergent from the intron insert d between second 
and third segments, the intron inserted between second and third segments is at I ast about 
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10% divergent from the introns inserted between any of the previous segm nt pairs, and so 
on through segments n and n+1 . The introns between any given set of exons will thus 
initially be identical between all clones in the library, whereas the exons can be arbitrarily 
divergent in sequence. The introns therefore provide homologous DNA sequences that wrR 
5 permit application of any of the described methods for RSR while the exons can be arbitrarily 
small or divergent in sequence, and can evolve to achieve an arbitrarily large degree of 
sequence divergence without a significant loss in efTicienc^ in recombination. Restriction 
sites can also be engineered into the nrtronrc nucleic add sequence of interest so as to allow 
a directed reassemmbly of restriction fragments. The starting exon DNA may be synthesized 

10 de novo from sequence information, or may be present in any nucleic acid preparation ( e.g., 
genomic. cDNA, libraries, and so on). For example, 1 to 10 nonhomologous introns can be 
designed to direct recombination of the nucleic acid sequences of interest by placing them 
between exons. The sequence of the introns can be all or partly obtained from known intron 
sequence. Preferably, the introns are self-splicing. Ordered sets of introns and exon 

15 libraries are assembled into functional genes by standard methods (Sambrook et al., 
Molecular Cloning . CSH Press (1987)). 

Any of the formats for in vitro or in vivo recombination described herein can 
be applied for recursive exon shuffling. A prefen-ed format is to use nonpalindromic 
restriction sites such as Sfi I placed into the intronic sequences to promote shuffling. Pools 

20 of selected clones are digested with Sfi I and religated. The nonpalindromic overhangs 
promote ordered reassembly of the shuffled exons. These libraries of genes can be 
expressed and screened for desired properties, then subjected to further recursive rounds of 
recombination by this process. In some embodiments, the libraries are subjected to 
mutagenesis before the process is repeated. : 

25 An example of how the introductiorT of an intron into a mammalian Irbnvy 

fomrrat would be used advantageously is as follows. An intron containing a lox (Sauer et aL, ' 
Proc. Natl. Acad. Sci. (U.S.A.). 85:5166-5170 (1985)) site is ar bit r ari ly introduced between 
amino acids 92 and 93 in each alpha interferon parental substrate. A library of 10^ chimeric 
interferon genes is made for each of the two exons (residues 1-92 and residues 93-167), 

30 doned into a replicating plasmid vector, and introduced into target cells. The number 10^ is 
arbitrarily chosen for convenience in screening. An exemplary vector for expression in 
mammalian cells would contain an SV40 origin, with the host cells expressing SV40 large T 
antigen, so as to allow transient expression of the interferon constaicts. The cells are 
challenged vAih a cytopathic virus such as vesicular stomatitis virus (VSV) in an interferon 

35 protection assay (e.g., Meister et al., J. Gen. Virol. 67:1633-1643. (1986)). C lis surviving 
due to expression of interferon are recovered, the two libraries of interferon gen s are PCR 
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amplified, and recloned into a vector that can be amplified in £. colL The amplified plasmids 
are then transfected at high multiplicity ( .g. 10 micrograms of plasmid per 10® cells) into a 
ere expressing host that can support replication of that vector. The presence of ere in the 
host cells promotes efficient recombination at the lox srte in the interferon intron. thus 
5 shuffling the selected sets of exons. This population of cells is then used in a second round 
of selection by viral challenge and the process is applied recursively. In this format, the ere 
recomhinase is prefen^bly expressediransienUy on a cotransfected motecule that catnot . 
repffcate in the host. Thus, after segregatfon of recombinants from the ere expressing ■ 
plasmid, no further recombination vy^ill occur and selection can be performed on genetically 
10 stable exon permutations. The method can be used with more than one intron, with 

recombination enhancing sequences other than cre/lox (e.g., int/xis, etc.), and with other 
vector systems such as but not limited to retroviruses, adenovirus or adeno- associated 
virus. 

5. Synthetic Oligonucleotide Mediated Recombination 

15 1. Oliqo bridge across sequence space 

In some embodiments of the invention, a search of a region of sequence 
space defined by a set of substrates, such as members of a gene family, having less than 
about 80%, more typically, less than about 50% homology, is desired. This region, which 
can be part or all of a gene or a gene is arbitrarily delineated into segments. The segment 

20 borders can be chosen randomly, based on correspondence with natural exons, based on 
structural considerations (loops, alpha helices, subdomains, whole domains, hydrophobic 
core, surface, dynamic simulations), and based on correlations with genetic mapping data. 

Typically, the segments are then amplified by PGR virith a pool of "bridge" 
oligonucleotides at each junction. Thus, if the set of five genes is broken into three 

25 segments A, B and C, and if there are five versions of each segnnent (At, A2, .!>C4, C5), 

twenty five ofigonudeotides are made fty each strand of the A-B junctions where each bridge 
oligo has 20 bases of homology to one of the A anct one of the B segments. In some cases, 
the number of required oligonucleotides can be reduced by choosing segment boundaries 
that are identical in some or all of the gene family members. Oligonucleotides are similarly 

30 synthesized for the B-C junction. The family of A domains is amplified by PGR with an 

outside generic A primer and the pool of A-B junction oligonucleotides; the B domains with 
the A-B plus the B-C bridge oligonucleotides, and the C domains with the B-C bridge 
oligonucleotides plus a generic outside primer. Full length genes are made then made by 
assembly PGR or by the dUTP/uracil glycosylase methods described above. Preferably, 

35 products from this step are subjected to mutagenesis before th process of sel ction and 
recombination is repeated, until a desired level of improvement or th evolution of a desired 
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property is obtained. This Is typically determined using a sere ning or selection as 
appropriate for the protein and property of interest. 

An illustration of this method is illustrated below for th recombination of 
eleven homologous human alpha interferon genes. 
5 2. Site Directed Mutagenesis (SDM) with Oligonucleotides Encoding 

Homologue Mutations Followed by Shuffling 
In some embodiments of the invention* sequence iriformatian Inam one or 
more substrate sequences is added to a ghren "parental" sequence of intereist, with 
subsequent recombination between rounds of screening or selection. Typically, this is done 
10 with site-directed mutagenesis performed by techniques well known in the art (Sambrook et 
aL, Molecular Cloning. CSH Press (1987)) with one substrate as template and 
oligonucleotides encoding single or multiple mutations from other substrate sequences, e.g. 
homologous genes. After screening or selection for an improved phenotype of interest, the 
selected recombinant(s) can be further evolved using RSR techniques described herein. 
15 After screening or selection, site-directed mutagenesis can be done again with another 
collection of oligonucleotides encoding homologue mutations, and the above process 
repeated until the desired properties are obtained. 

When the difference between two homologues is one or more single point 
mutations in a codon, degenerate oligonucleotides can be used that encode the sequences 
20 in both homologues. One oligo may include many such degenerate codons and still allow 
one to exhaustively search all permutations over that block of sequence. An example of this 
is provided below for the evolution of alpha interferon genes. 

When the homologue sequence space is very large, it can be advantageous 
to restrict ttre search to certain variants. Thus, for example, computer modelling tools / ' 
25 (Lathrop et al.^ J. Mot. Biol.. 255:641-665 (1996)) can be used to model each homofogiie 
mutation onto the target protein and discard arry rrrutations that are predicted to grossly 
disrupt structure and function. 

F. V Recombination Directed by Host Machinery 

In some embodiments of the invention, DNA substrate molecules are 
30 introduced into cells, wherein the cellular machinery directs their recombination. For 
aeampie, a library of mutants is constructed and screened or selected for mutants with 
improved phenotypes by any of the techniques described herein. The DNA substrate 
molecules encoding the best candidates are recovered by any of the techniques described 
herein, then fragmented and used to transfect a mammalian host and screened or selected 
35 for improved function. The DNA substrate molecules are r cov red from the mammalian 
host, such as by PCR, and the process is repeated until a desir d lev I of improvement is 
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obtained. In some embodiments, the fragments are denatured and reannealed prior to 
transfection, coated >Arith recombination stimulating proteins such as recA. or co-transfected 
with a selectable marker such as Neo'' to allow the positive selection for cells receiving 
recombined versions of the gene of interest. 
5 For example, this format is preferred for the in vivo affinity maturation of an 

antibody by RSR. In brief, a library of mutant antibodies is generated, as described herein 
for the 48G7 affinity maturatiori. Thii libraiy is FACS purified with ligand to enrich lor 
antibodies with the highest O.t - 10% affinity. The V regions genes are recovened by PGR; 
fragmented, and cotransfected or electorporated with a vector into which reassembled V 

10 region genes can recombine. DNA substrate molecules are recovered from the cotranfected 
cells, and the process is repeated until the desired level of improvment is obtained. Other 
embodiments include reassembling the V regions prior to the electroporation so that an intact 
V region exon can recombine into an antibody expression cassette. Further embodiments 
include the use of this format for other eukaryotic genes or for the evolution of whole viruses. 

15 G. Phaqemid-Based Assembly 

In some embodiments of the invention, a gene of interest is cloned into a 
vector that generates single stranded DNA, such as a phagemid. The resulting DNA 
substrate is mutagenzied by RSR in any method known in the art. transfected into host cells, 
and subjected to a screen or selection for a desired property or improved phenotype. DNA 

20 from the selected or screened phagemids is amplified, by, for example, PGR or plasmid 

preparation. This DNA preparation contains the various mutant sequences that one wishes 
to pemnute. This DNA is fragmented and denatured, and annealed with single-stranded DNA 
(ssDNA) phagemid template (ssDNA encoding, the wild-type gene and vector sequences). A 
preferred enrrtjodiment is the use of dut(-) ung(-) host strains such as GJ236 (Samteook et 

25 aL. Molecular gpninq CSH Press (1987)) for tte preparation of sdQNA. 

Gaps in annealed template are fffled vwth DNA polymerase and ligated to form 
closed relaxed cirdw. Since multiple fragments can armeal to the phagemid, the newly 
synthesized strand now consists of shuffled sequences. These products are transformed 
into a mutS strain of £ co// which is dut+ ung+. Phagemid DNA is recovered from the 

30 transfected host and subjected again to this protocol until the desired level of improvement is 
obtained. The gene encoding the protein of interest in this library of recovered phagemid 
DNA can be mutagenzied by any technique, including RSR, before the process is repeated. 
III. Improved Protein Expression 

While recombinant DNA technology has proved to be a very general method 

35 for obtaining large, pure, and homogeneous quantiti s of almost all nucleic acid s quences 
of interest, similar generality has not yet been achiev d for the production of large amounts 
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of pure, homogeneous protein in recombinant form. A likely explanation is that protein 
expression, folding, localization and stability is intrinsically more complex and unpredictable 
than for DNA. The yield of expressed protein is a complex function of transcription rates, 
translation rates, interactions with the ribosome. interaction of the nascent polypeptide with 
5 chaperonins and other proteins in the cell, efficiency of oligomerization, interaction with 

components of secretion and other protein trafficking pathways, protease sensitivity, and the 
intrinsic stability of the final folded state .Optimization of such complex processes is well 
suited for the application of RSR. The following methods detail strategies for application of 
RSR to the optimization of protein expression. 
10 A. Evolution of Mutant Genes with Improved Expression Using RSR on 

Codon Usage Libraries 

The negative effect of rare E. coli codons on expression of recombinant 
proteins in this host has been clearly demonstrated (Rosenberg, et al., J. Bact. 175:716-722 
(1993)). However, general rules for the choice of codon usage pattems to optimize 

15 expression of functional protein have been elusive. In some embodiments of the invention, 
protein expression is optimized by changing codons used in the gene of interest, based on 
the degeneracy of the genetic code. Typically, this is accomplished by synthesizing the gene 
using degenerate oligonucleotides. In some embodiments the degenerate oligonucleotides 
have the general structure of about 20 nucleotides of identity to a DNA substrate molecule 

20 encoding a protein of interest, followed by a region of about 20 degenerate nucleotides which^ 
encode a region of the protein, followed by another region of about 20 nucleotides of identity. 
In a preferred embodiment, the region of identity utilizes preferred codons for the host. In a 
further emi3odiment, the oligonucleotides are identical to the DNA substrate at least one 5' 
and one 7 mtcfeottde, but have at least 85% sequence honnology to the DNA substrate ' 

25 molecule, with the difference due to the use of degenerate oodorts. In some emtTodrments/ a ' 
set of such degenerate oligonucleotides is used in which each oligonudeotide ovedaps with 
another by the general fdnmufa n - 1 0, whenwn n is the tength of the oligonucleotide. Such 
oligonucleotides are typically about 20 - 1000 nucleotides in length. The assembled genes 
are then cloned, expressed, and screened or selected for improved expression. The 

30 assembled genes can be subjected to recursive recombination methods as descibed above 
until the desired improvement is achieved. 

For example, this technique can be used to evolve bovine intestinal alkaline 
phosphatase (BIAP) for active expression in E. coli . This enzyme is commonly used as a 
reporter gene in assay formats such as ELISA. The cloned gene cannot be expressed in 

35 activ fonm in a prokaryotic host such as E. coli in good yield. Development of such an 
expression syst m would allow on to access inexpensive expression technology for BIAP 
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and. importantly, for engine red variants witli improved activity or chemical coupling 
properties (such as chemical coupling to antibodies). A detailed example is provide in th 
Experimen tal Examples section. 
B. Improved Folding 

In some embodiments of the invention, proteins of interest when 
overexpressed or expressed in heterologous hosts form inclusion bodies, with the majority of 
the expr esse d protein being faurui.tn tnonii ih^*^ ^ j jpf^ates .Recursiue sequence 
recombination techniques can be used to optrmize folding of such target protefns. There are 
several ways to improve folding, including mutating evolving the target protein of interest and 
evolving chaperonin proteins. 

1. Evolving A Target Protein 

a. Inclusion B ody Fractionation Selection Using lao 
Headpiece Dimer Fusion Protein 

The lac repressor "headpiece dimer" is a small protein containing two 
headpiMe donrrains connected by a short peptide linker which binds the lac operator with 
sufficient affinity that polypeptide fusions to this headpiece dimer will remain hound to the 
plasmid that encodes them throughout an affinity purification process (Gates et al., j. Mol. 
BjoL 255:373-386 (1995)). This property can be exploited, as follows, to evolve mutant 
proteins of interest with improved folding properties. The protein of interest can be 
mammalian, yeast, bacterial, etc. 

A fusion protein between the lac headpiece dimer and a target protein 
sequence is constructed, for example, as disclosed by Gates (supra). This construct, 
contaning at »eastx)ne lac operator, is mutagenized by technologies common in the arts ^ 
such as PGR mutagenesis, -chemical mutagenesis, oligo directed nrtutagenesis (Sambrook et : 
al.. Molecular Cloning CSH Press (1 987)V The lesulting library is transformed into a host 
cell, and expression of the fusion protein is oKhiced, prefer^ly with arSwtose. An extrrot or 
lysate is generated from a culture of the library expressing the construct. Insoluble protein is 
fTKiiOTated from soluble protein/DNA comptexes by ceritrifugatiorT orafR^ 
chromatography, and the yield of soluble protein/DNA complexes is quantitated by 
quantitative PGR (Sambrook et al., Molecular Cloning CSH Press. 1987) of the plasmid. 
Preferably, a reagent that is specific for property folded protein, such as a monoclonal 
antibody or a natural ligand. is used to purify soluble protein/DNA complexes. The plasmid 
DNA from this step is isolated, subjected to RSR and again expressed. These steps are 
repeated until the yield of soluble protein/DNA complexes has reach d a desired I v I of 
improvem nt. Individual clon sar th n screened for retention of functional prop rti s of the 
prot in of Int rest, such as enzymatic activity, etc. 



wo 98/27230 



PCI71JS9772<Z39 



33 

This technique is gen rically useful for evolving solubility and oth r properties 
such as cellular trafficking of proteins heterologously xpress d in a host cell of interest. For 
example, one could select for efficient folding and nuclear localization of a protein fused to 
the lac repressor headpiece dimer by encoding the protein on a plasmid encoding an SV40 
5 origin of replication and a lac operator, and transiently expressing the fusion protein in a 
mammalian host expressing T antigen. Purification of protein/DMA complexes from nuclear 
HIRT extracts (Seed and Aruffo, Proc. NatL Acad. Sd. (U S A V 84:3365-3369 (1 987)) would 
aflow one to select for efficient fbfdrng and nuclear localization pnoterns. 

b. Functional Expression of Protein Using Phaoe Dispiay 

10 A problem often encountered in phage display methods such as those 

disclosed by O'Neil et al. (Cun^nt Biology . 5:443-449 (1995)) is the inability to functionally 
express a protein of interest on phage. Without being limited to any one theory, improper 
folding of the protein of interest can be responsible for this problem. RSR can be used to 
evolve a protein of interest for functional expression on phage. Typically, a fusion protein is 

15 constructed between gene III or gene VIII and the target protein and then mutagenized, for 
example by PCR mutagenesis. The mutagenzied library is then expressed in a phage 
display fonnat, a phage stock is made, and these phage are affinity selected for those 
bearing functionally displayed fusion proteins using an affinity matrix containing a known 
iigand for the target protein. DNA from the functionally selected phage is purified, and the 

20 displayed genes of interest are shuffled and recloned into the phage display format. The 
selection, shuffling and recloning steps are repeated until the yield of phage with functional 
displayed protein has reached desired levels as defined, for example, by the fraction of 
phage that are retained on a Iigand affinity matrix or the biological activity associated with the 
displayed ptiage. Individual clones are Ihen screened to identify candidate mutants with' 

25 improved display properties, desired tevet of exfTiKsion/and fiinctionai properties of inters 
(e.g./ ability to Und a Iigand or receptor, lymphokine activity, enzymatic activity , etc). 

In some emlxjdiments of the irrvention, a functional screen or selection is ' 
used to identify an evolved protein not expressed on a phage. The target protein, which' 
cannot initially be efficiently expressed in a host of interest, is mutagenized and a functional 

30 screen or selection is used to identify cells expressing functional protein. For example, the 
protein of interest may complement a function in the host cell, cleave a colorimetric 
substrate, etc. Recursive sequence recombination is then used to rapidly evolve improved 
functional expression from such a pool of improved mutants. 

For example, AMV reverse transcriptase is of particular commercial 

35 importance because it is active at a higher temperature (42'' C) and is more robust than 
many oth r reverse transcriptases. However, it is difficult to express in prokaryotic hosts 
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such as £ CO//, and is consequently expensive becaus it has to be purified from chicken 
cells. Thus an evolved AMV reverse transcriptase that can be express d efficiently in E. coli 
is highly desirable. 

In brief, the AMV reverse transcriptase gene (Papas et al.. J. Cellular 
5 Biochem 20:95-103 (1982)) is mutagenized by any method common in the art. The library of 
mutant genes is cloned into a colEI plasmid (Amp resistant) under control of the lac 
proraoterin apolA12 (Ts) recA7ia (Sweasy et aL Proc. Natl Aca d. Scr IJ 55 A gn-^^fi, 
4630 (1993)) E. colj host. The library is induced with IPTG, and shifted to the nonpemiissive 
temperature. This selects for functionally expressed reverse transcriptase genes under the 

10 selective conditions reported for selection of active HIV reverse transcriptase mutants 
reported by Kim et al. (Proc. Natl. Acad. Sci. m.S A V 92:684-688 (1995)). The selected 
AMV RTX genes are recovered by PCR by using oligonucleotides flanking the cloned gene. 
The resulting PCR products are subjected to in vitro RSR, selected as described above, and 
the process is repeated until the level of functional expression is acceptable. Individual 

15 clones are then screened for RNA-dependent DNA polymerization and other properties of 

interest (e.g. half life at room temperature, enor rate). The candidate clones are subjected to 
mutagenesis, and then tested again to yield an AMV RT that can be expressed in £ coli at 
high levels. 

2. Evolved Chaperonins 

20 In some embodiments of the invention, overexpression of a protein can lead 

to the accumulation of folding intermediates which have a tendency to aggregate. Without 
being limited to any one theory, the role of chaperonins is thought to be to stabilize such 
folding intermedrates against aggregration; thus^ ova-expression of a protein of interest can ' 
lead to overwhelming the capacity of chaperonins. -Chaperorwi genes can be evohred using ' 

25 the techniques of the invention, either alone ocrn comtiination with the genes encoding the 
proteoi of interest, to overcome this problem. 

Examples of proteins of interest which are espedafFy suited to this approach 
include but are not limited to: cytokines; malarial coat proteins; T cell receptors; antibodies; 
industrial enzymes (e.g.. detergent proteases and detergent lipases); viral proteins for use in 

30 vaccines; and plant seed storage proteins. 

Sources of chaperonin genes include but are limited to £ coli chaperonin 
genes encoding such proteins as thioredoxin. Gro ES/Gro EL. PapD, CIpB. DsbA. DsbB, 
DnaJ. DnaK, and GrpE; mammalian chaperonins such as Hsp70, Hsp72, Hsp73, 
Hsp40,Hsp60, HsplO. Hdji, TCP-1, Cpn60. 3iP; and the homologu s of these chaperonin 

35 gen s in other species such as yeast (J.G. Wall and A. Pluckthun, Cun-ent Biology 6:507- 
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516 (1995); Hartl. Nature. 381:571-580 (1996)). Additionally, heterologous genomic or cDNA 
libraries can be used as libraries to select or screen for novel chaperonins. 

in general, evolution of chaperonins is accomplished by first mutagenizing 
chaperonin genes, screening or selecting for improved expression of the target proterrr of 
5 interest, subjecting the mutated chaperonin genes to RSR, and repeating selection or 
screening. As with all RSR techniques, this is repeated until the desired improvement of 
expression of the protein of interest is obtained. Two exemplary approaches are provide 
befowi 

a. Chaperonin Evolution in Trans to the Protein of Interest 
10 With a Screen or Selection for Improved Function 

In some embodiments the chaperonin genes are evolved independently of the 
gene(s) for the protein of interest. The improvement in the evolved chaperonin can be 
assayed, for example, by screening for enhancement of the activity of the target protein itself 
or for the activity of a fusion protein comprising the target protein and a selectable or 
15 screenable protein (e.g.. GFP, alkaline phosphatase or beta-galactosidase). 

b- Chaperonin Operon in cfs 
In some embodiments, the chaperonin genes and the target protein genes are 
encoded on the same plasmid, but not necessarily evolved together. For example, a lac 
headpiece dimer can be fitsed to the protein target to allow for selection of plasmids which 
20 encode soluble protein. Chaperonin genes are provided on this same piasmid ("cis") and are 
shuffled and evolved rather than the target protein. Similariy, the chaperonin genes can be 
cloned onto a phagemid piasmid that encodes a gene III or gene VIII fusion v^'th a protein of 
interest ' The ctoned chaperonins are nmitagenized and, as with the selection described : : 
above, phage expressing functionally displayed fusion protein are isolated on an affTrtity 
25 matrix. The ci iap er o nin genes from these phage are shufRed and the cyde of selection, - 
mutation and recombination are applied recursiveiy untit fusion proteins are efficiently 
(fisptayed in furrctzonal fbrnr. ' 

3. Improved intraceilutar Localization 

Many overexpressed proteins of biotechnological interest are secreted into 
30 the periplasm or media to give advantages in purification or activity assays. Optimization for 
high level secretion is difficult because the process is controlled by many genes and hence 
optimization may require multiple mutations affecting the expression level and structure of 
several of these components. Protein secretion in £ co//, for example, is known to be 
influenced by many proteins including: a secretory ATPase (SecA), a translocase complex 
35 (SecB, SecD, SecE, SecF, and SecY), chaperonins (DnaK, DnaJ, GroES, GroEL), signal 
peptidases (LepB, LspA, Ppp), specific folding catalysts (DsbA) and oth r proteins of less 
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well defined function (e.g.. Ffh, FtsY) (Sandkvist et al., Cun-. Op, BiotechnQl 7:505-51 1 
(1996)). Overproduction of wild type or mutant copi s of these genes for thes prot Ins can 
significantly increase the yield of mature secreted protein. For example, overexpression of 
secY or secY4 significantly increased the periplasmic yield of mature human IL6 from a hILS- 
5 pre-OmpA fusion (Perez-Perez et a!.. Bio-TechnolQQy 12:178-180 (1994)). Analogously, 
overexpression of DnaK/DnaJ in E coli improved the yield of secreted human granulocyte 
colony stimulating factor (PerezrPerez.et aL. Biochem Biophvs. Res Commiin o^n oRA^oi^ia 
(t995». 

RSR provides a route to evolution of one or more of the above named 
10 components of the secretory pathway. The following strategy is employed to optimize protein 
secretion in £. coli. Variations on this method, suitable for application to Bacillus subtilis, 
Pseudomonas, Saccaromyces cerevisiaa, Pichia pastoris, mammalian cells and other hosts 
are also described. The general protocol is as follows. 

One or more of the genes named above are obtained by PGR amplification 
15 from £ coli genomic DMA using known flanking sequence, and cloned in an ordered array 
into a plasmid or cosmid vector. These genes do not in general occur naturally in clusters, 
and hence these will comprise artificial gene clusters. The genes may be cloned under the 
control of their natural promoter or under the control of another promoter such as the lac, tac, 
arabinose, or trp promoters. Typically, rare restriction sites such as Sfi I are placed between 
20 the genes to facilitate ordered reassembly of shuffled genes as described in the methods of 
the invention. 

The gene duster is mutagenized and introduced into a host cell in which the 
gene of interest can be inducibly expressed.. Expression of the target gene to be secreted 
amf of the doned genes is induced by staudaid methods forihe promoter of interest {e.g., 

25 additioaof 1 mM IPTG for the lac pronrotef); Therffidency of protein secretion by a library 
of mutants is measured, for example by the misthod of colony blotting (Skerra et a!,, Anal. 
BiocherTT; 195:151-155 (1991)). Thosecolonies expressmg the highest levels of secreted 
protein (the top 0.1 - 10%; preferably the top 1%) are picked. Plasmid DMA is prepared from 
these colonies and shuffled according to any of the methods of the invention. 

30 Preferably, each individual gene is amplified from the population and 

subjected to RSR. The fragments are digested with Sfi I (introduced between each gene 
with nonpalindromic overhangs designed to promote ordered reassembly by DNA ligase) and 
ligated together, preferably at low dilution to promote fonnation of covalently closed relaxed 
drdes (<1 ng/microWer). Each of the PGR amplified gene populations may be shuffled prior 

35 to reassembly into the final gene duster. The ligation produds are transform d back into th 
host of interest and the cyde of seledion and RSR is rep ated. 
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Analogous strategies can be employed in other hosts such as Ps udomonas, 
Bacillus subtilis, yeast and mammalian cells. The homologs of the E. coll genes listed above 
are targets for optimization, and indeed many of these homologs have be n identified in 
other species (Pugsley. Microb. Rev. 57:50-108 (1993)). In addition to these homotogs, 
5 other components such as the six polypeptides of the signal recognition particle, the trans- 
locating chain-associating membrane protein (TRAM). BiP. the Ssa proteins and other hsp70 
homologSr and prsA (8. subtilis) (Simonea and Pulva, Microb. Rev. 57:109-137 (199^)) are 
targets for optimization by RSR. Fn generaf, replicating episomal vectors such as SV40-neo 
(Sambrook et al.. Molecular Cloning . CSH Press (1987). Northrup et al., J. Biol. Chem. 

1 0 268(4):291 7-2923 (1993)) for mammalian cells or 2 micron or ars plasmids for yeast 

(Strathem et al.. The Molecular Bioloov of the Yeast Saccaromvces. CSH Press (1982)) are 
used. Integrative vectors such as pJM 103, pJM 1 13 or pSGMU2 are preferred for B. subtilis 
(Perego, Chap. 42. pp. 615-€24in Bacillus subtilis and Other Gram-Positive Bacteria . A. 
Sonenshein, J. Hoch, and R Losick. eds.. 1993). 

15 For example, an effidentty secreted themiostable DNA polymerase can be 

evolved, thus allowing the performance of DNA polymerization assays with little or no 
purification of the expressed DNA polymerase. Such a procedure would be preferred for the 
expression of libraries of mutants of any protein that one wished to test in a high throughput 
assay, for example any of the pharmaceutical proteins listed in Table I, or any industrial 

20 enzyme. Initial constructs are made by fusing a signal peptide such as that from STII or 
OmpA to the amino terminus of the protein to be secreted. A gene cluster of cloned genes 
believed to act in the secretory pathway of interest are mutagenized and coexpressed with 
the target constnict. Individual clones are screened for expresion of the gene product. The 
secretory gene dusters from improved dones are recovered and redoned and introduced / 

25 back into the orrgina! host. Preferably, they are first subjected to mutagenesis before the 
process is repeated. This cyde is repeated until the desired impravemefYt rn expression of 
secTBted protein is achieved. - 
IV. Evolved Polypeptide Properties 

A. Evolved Transition State Analog and Substrate Binding 

30 There are many enzymes of industrial interest that have substantially 

suboptimal adivity on the substrate of interest. In many of these cases, the enzyme 
obtained from nature is required to woric either under conditions that are very different from 
the conditions under which it evolved or to have adivity towards a substrate that is different 
from the natural substrate. 

35 The application of evolutionary technologi s to industrial nzymes is often 

significantly limited by the types of selections that can be applied and th modest numb rs of 
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mutants that can be surveyed in screens. Selection of enzymes or catalytic antibodies, 
expressed in a display format, for binding to transition state analogs (McCafferty et aL, AppL 
Biochem, Biotechnol. 47:157-171 (1994)) or substrate analogs (Janda et al., Proc. Natl 
Acad. Scj. (U.S.A.) 91:2532-2536, (1994)) represents a general strategy for selecting for 
5 mutants with with improved catalytic efficiency. 

Phage display (O'Neil et al., Cun-ent Bioloov 5:443-449 (1995) and the other 
display focmats (Gates et a!., J. Mol. Biol. 255:373^386 (1995); ^Aaitheakiset aL. Proc. Natl 
Acad. Set. flJ.S,A.) 91:9022-9026 (1994)) described herein represent general methodologies 
for applying affinity-based selections to proteins of interest. For example, Matthews and 

10 Wells (Science 260:1 1 13-1 1 1 7 (1993)) have used phage display of a protease substrate to 
select improved substrates. Display of active enzymes on the surface of phage, on the other 
hand, allows selection of mutant proteins with improved transition state analog binding. 
Improvements in affinity for transition state analogs correlate with improvements in catalytic 
efficiency. For example, Patten et al, Science 271:1086-1091 (1996) have shown that 

15 improvements in affinity of a catalytic antibody for its hapten are well correlated with 

improvements in catalytic efficiency, with an 80-fold improvement in kcat/Km being achieved 
for an esterolytic antibody. 

For example, an enzyme used in antibiotic biosynthesis can be evolved for 
new substrate specificity and activity under desired conditions using phage display 

20 selections. Some antibiotics are cun^ntly made by chemical modifications of biologically 
produced starting compounds. Complete biosynthesis of the desired molecules is currently 
impractical because of the lack of an enzyme with the required enzymatic activity and 
substratespecificity (Skatrud. TIBTECH 10:324-329, September 1992). For example, 7- 
aminodeacetoaxycephalosporanic acid (T-ADCAyis a precursor for semi-syrtthetically 

25 produced cephatosporins. 7-ADCA is nnade by a chemical ring expansion of pertidlfin G - 
foBowed by en^matic deacylation of the phenaxyaretrf group. 7-ADCA can be made ~ 
enzymatically finwrr deacetyteephalosporin C (DAOC V), which coofd in turn be deriverf from 
penicillin V by enzymatic ring expansion if a suitably modified penicillin expandase could be 
evolved (Cantwell et al., Cun-. Genet. 17:213-221 (1990)). Thus, 7-ADCA could in principle 

30 be produced enzymatically from penicillin V using a modified penicillin N expandase, such as 
mutant forms of the S. clavuligerus cefE gene (Skatrud, TIBTECH 10:324-329, September 
1992). However, penicillin V is not accepted as a substrate by any known expandase with 
sufficient efficiency to be commercially useful. As outlined below. RSR techniques of the 
invention can be used to evolve the penicillin expandase encoded by cefE or other 

35 expandas s so that they will us penicillin V as a substrate. 
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Phage display or other display format selections are applied to this problem by 
expressing libraries of cefE penicillin expandase mutants in a display format, selecting for 
binding to substrates or transition state analogs, and applying RSR to rapidly evolve high 
affinity binders. Candidates are further screened to identify mutants with improved 
5 enzymatic activity on penicillin V under desired reaction conditions, such as pH. temperature, 
solvent concentration, etc. RSR is applied to further evolve mutants with the desired 
expandase activity. A nurnber of transition state analogs (TSA*s) are suitable for thi^ 
r eac t i on: The following structure is the initial TSA that is used for selection of the display 
library of cefE mutants: 




10 Libraries of the known penicillin expandases (Skatrud. TIBTECH 10:324- 

329(1932); Cantwell et al., Cun". Genet 17:13-221 (1990)) are made as described herein. 
The (fispla/ litvary ts subjected to selection for binding to perricillin V and/or to transition state ^ 
analog given above for the conversion of f^idllin V to DAOC V. These binding selections'^ 
may be performed under non-physiological reaction conditions, such as elevated 

15 temperature, to obtain mutants that are active under the new conditions. RSR is applied to 
evolve mutants with 2-10^ fold improvement in binding affinity for the selecting ligand. 
When the desired level of improved binding has been obtained, candidate mutants are 
expressed in a high throughput fomnat and spedftc activity for expanding penidlltn V to 
DAOC V is quantitatively measured. Recombinants with improved enzymatic activity are 

20 mutagenized and the process repeated to further evolve them. 

Retention of TSA binding by a displayed enzyme (e.g., phage display, lac 
headpiece dimer, polysome display, etc.) is a good selection for retention of the overall 
integrity of the active site and hence can be exploited to select for mutants which retain 
activity und r conditions of interest. Such conditions include but are not limited to: different 

25 pH optima, broader pH optima, activity in altered solvents such as DMSQ^Seto et al., DNA 
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Sequence 5:131-140 (1995)) or formamide (Chen et aL, Proc. Natl. Acad Sci a\ s^ ) 
90:5618-5622, (1993)) altered temperature, improved shelf lif . altered or broad ned 
substrate specificity, or protease resistance. A further xample. th evolution of a p- 
nitrophenyl esterase, using a mammalian display fomnat. is provided below. 
B. Improvement of PIMA and RNA Polymerases 

Of particular commercial importance are improved polymerases for use in 
nucleic add sequencing and polymerase chain reactions. The foUawwng properties ace 
attractive candidates for improvement of a-DNA sequencing potymeraser (1) suppr^ion bf 
termination by inosine in labelled primer format (H. Dierick et al.. Nucleic Acids p es, 
21:4427-4428 (1993)) (2) more normalized peak heights, especially with fluorescently 
labelled dideoxy terminators (Parker et al., BioTechnlques 19:116-121 (1995)), (3) better 
sequencing of high GC content DMA (>60% GC) by, for example, tolerating >10% DMSO (D. 
Seto et al.. DNA Sequ^ngg 5 131-140 (1995); ScheidI et al., BioTechnigues 19(5):691-694 
(1995)), or (4) improved acceptance of novel base analogs such as inosine, 7-deaza dGTP 
(Dierick et al., Nucleic Apds R^g. 21:4427-4428 (1993)) or other novel base analogs that 
improve the above properties. 

Novel sequencing formats have been described which use matrix assisted 
laser desorption ionization time of night (MALDT-TOF) mass spectroscopy to resoh/e dideoxy 
ladders (Smith. Nature Biotechnoloov 14:1084-1085 (1996)). It is noted in Smith's recent 
review that fragmentation of the DNA is the singular feature limiting the development of this 
method as a viable altemative to standard gel electrophoresis for DNA sequencing. Base 
analogs which stabilize the N-glycosidic bond by modifications of the purine bases to 7- 
deaza analogs, (Kirpekar et al., Rapid Comm. in Mass Spec 9:525-531 (1995)) or of the Z 
hydroxy! (such as Z-H or 2 -F) "relieve greatly the mass ran^ limitation" of this technique 
(Smithy 1996) . Thus, evolved polymerases that can effidentty Incorporate ttiese and others 
base analogs conferring resistance to fragmOTtation under MALDl-TQF conditiorts are ■ 
valuable innovatrons. 

Other polymerase properties of interest for improvement by RSR are low 
fidelity thermostable DNA polymerase for more efficient mutagenesis or as a useful conelate 
for acceptance of base analogs for the purpwes described above; higher fidelity polymerase 
for PGR (Lundberg et al.. Gene 108:1-6 (1991)); higher fidelity reverse transcriptase for 
retroviral gene therapy vehicles to reduce mutation of the therapeutic construct and of the 
retrovirus; improved PGR of GC rich DNA and PGR with modified bases (S. Tumer and F, J. 
Jenkins, BioTechnioues 19(1):48-52 (1995)). 

Thus, in some embodiments of the invention, librari s of mutant polymeras 
genes are screened by direct high throughput screening for improv d sequ ncing properties. 
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The best candidates are then subjected to RSR. Bri fly, mutant libraries of candidat 
polymerases such as Taq poiymeras are constructed using standard methods such as PCR 
mutagenesis (Caldw II t al., PCR Meth. App. 2:28-33 (1992)) and/or cassette mutagenesis 
(Sambrook et a!., Molecular Cloning . CSH Press (1987)). Incorporation of mutations fnto Taq 
5 DNA polymerase such as the active site residue from 17 polymerase that improves 

acceptance of dideoxy nucleotides (Tabor and Richardson. J. Biol. Chem. 265:8322-8328 
(1990)) and mutations that inactivale the 3' RxnnurJftase activity (R.S. Raru), 
BToTechrnques 18:390-396 (1995)) ane incorporated into these libraries. The reassembly 
PCR technique, for example, as described above is especially suitable for this problem. 

10 Simitariy, chimeric polymerase libraries are made by breeding existing thenmophilic 

polymerases, sequenase, and E. coli poll with each other using the bridge oligonucleotide 
methods described above. The libraries are expressed in formats wherein human or robotic 
colony picking is used to replica pick individual colonies into 96 well plates where small 
cultures are grown, and polymerase expression is induced. 

15 A high throughput, small scale simple purification for polymerase expressed in 

each well is performed. For example, simple single-step purifications of His-tagged Taq 
expressed in £. co// have been described (Smimov et al., Russian J. Biooroanic Chem. 
21(5):341-342 (1995)), and could readily be adapted for a 96-well expression and purification 
format. 

20 A high throughput sequencing assay is used to perform sequencing reactions 

with the purified samples. The data is analyzed to identify mutants with improved 
sequencing properties, according to any of these criteria: higher quality ladders on GC-rich 
templates, especially greater than 60% GC, including such points as fewer artif actual 
te n ninaUo rr products and stronger sigrrais than given with the wild-type enzyme; less - - 

25 termination of reactions by Inosine in primer labelled reactiorts, e.g., fluorescent labeiled' 
primers; less variation in incorporation of signals in neactions with fluorescent dideoxy 
nucleotides at any given position; longer sequencing ladders than obtained with the wild-type 
enzyme, such as about 20 to 100 nucleotides; improved acceptance of other known base 
analogs such as 7-deaza purines; 

30 improved acceptance of new base analogs from combinatorial chemistry libraries (See, for 
example, Hogan. Nature 384(Supp): 17-1 996). 

The best candidates are then subjected to mutagenesis, and then selected or 
screened for the improved sequencing properties decribed above. 

In another embodiment, a screen or selection is performed as follows. The 

35 replication of a plasmid can be placed under obligate control of a polym ras expressed in E. 
coli or another microorganism. The eff ctiveness of this system has been demonstrated for 



BNSDOCID: <WQ_9827230A1_L> 



wo 98/27230 



PCT/DS5r7724239 



42 

making plasmid replication dependent on mammalian polymerase beta (Sweasy et al., Prbc. 
Natl. Acad. Sci. (U.S A) 90:4626-4630, (1993)). Taq polymeras (Suzuki et al.. Proc. Natl. 
Acad. Sci. (U.S.A ) 93:9670-9575 (1996)). or HIV reverse transcriptase (Kim et al.. Proc. 
Natl. Acad. Sci. (U.S.A.) 92:684-688 (1995)). The mutant polymerase gene is placed on a 
5 plasmid bearing a colEI origin and expressed under the control of an arabinose promoter 
The library is enriched for active polymerases essentially as described by Suzuki et al., 
(supra), with polymerase ^resskni bemg mduced by the preserve of arainndse in the 
culture. - 

A further quantitative screen utilizes the presence of GFP (green fluorescence 

10 protein) on the same plasmid. replica plating onto arabinose at the nonpermissive 

temperature in the absence of a selective antibiotic, and using a fluorimeter to quantitatively 
measure fluorescence of each culture. GFP activity correlates with plasmid stability and 
copy number which is in tum dependent on expression of active polymerase. 

A polymerase with a very high error rate would be a superior sequencing 

15 enzyme, as it would have a more normalized signal for incorporation of base analogs such 
as the currently used fluorescently labelled dideoxies because it will have reduced specificity 
and selectivity. The error rates of currently used polymerases are on the order of 10"^ to 10^, 
orders of magnitude lower than what can be detected given the resolving power of the gel 
systems. An error rate of 1%. and possibly as high as 10%, could not be detected by current 

20 gel systems, and thus there is a large window of opportunity to increase the "sloppiness" of 
the enzyme. An error-prone cycling polymerase would have other uses such as for 
hypermutagenesis of genes by PGR. 

In some embodiments, the system described by Suzuki (Suzuki et al., Proc. ; 
Natl. Acad. Sd. (U.S.A.) 96:9670-9675 (1 99Q) is used to m*e replication of a reporter : 

25 plasmid dependent on the expressed polymerase. This systCTi puts replication of the first ~ ^ 
200 - 300 bases next to theCoIEl origin^direcHy underthe contrtrt of tha«prrased : 
polymerase (Sweasy and Loeb, J. Bact. 17^2923-2925 (1995); Sweasy et al. Prod Naff. 
Acad. Sd. fU.S,A,) 90:4626-4630 (1993)). ,A screenable or selectable reporter gene 
containing stop codons is positioned in this region, such as LacZ alpha containing one. two 

30 or three stop codons. The constmcts are grown on arabinose at the nonpermissible 
temperature, allowed to recover, and plated on selective lactose minimal media that 
demands reversion of the stop codons in the reporter cassette. Mutant polymerases are 
recovered from the sun^ivors by PCR. The sun/ivors are enriched for mutators because their 
mutator phenotype increases the rate of reversion of stop codons in the reporter lacZ alpha 

35 fragment. 

The polymerase genes from the survivors are subj cted to RSR. th n the 
polymerase mutants are retransformed into the indicator strain. Mutatorscan b visually 
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screened by plating on arabinose/Xgal plates at the nonpermissive temperature. Mutator 
polymerases will give rise to colonies with a high frequency of btu papillae du to reversion 
of the stop codon(s). Candidate papillators can be rescreened by picking a non-papiUating 
region of the most heavily papillated colonies (i.e. "best** colonies) and replating on the 
5 arabinose/Xgal indicator medium to further screen for colonies with increased papillation 
rates. These steps are repeated until a desired reversion rate is achieved (e.g., 10*^ to 10'^ 
mutations per base pair per replication). 

Colonies which exhibit high frequency papillation are candidates for encoding 
an enror prone polymerase. These candidates are screened for improved sequencing 

10 properties essentially as for the high throughput screen described above. Briefly, mutant Taq 
proteins are expressed and purified in a 96-well format. The purified proteins are used in 
sequencing reactions and the sequence data are analyzed to identify mutants that exhibit the 
improvements outlined herein. Mutants with improved properties are subjected to RSR and 
rescreened for further improvements in function. 

15 In some embodiments, GFP containing stop codons instead of lacZ alpha with 

stop codons is used for the construction. Cells with reverted stop codons in GFP are 
selected by fluorescence activated cell sorter (FACS). In general, FACS selection is 
performed by gating the brightest about 0.1- 10%, preferably the top 0.1 to 1%, and collected 
according to a protocol similar to that of DangI et al., (Cytometry 2(6):395-401 (1982)). In 

20 other embodiments, the polA gene is flanked with lox sites or other targets of a site specific 
recombinase. The recombinase is induced, thus allowing one to inducibly delete the polA 
gene (Mulbery et al.. Nucleic Acid Res. 23:485-490 (1995)). This would allow one to perform 
"Loeb-type" selections at any temperature and in any host. For example, one could set up 
such a selection m a recA deficient mesophile or thennophile by placing the polA honrotogue . 

25 in an indudbfydeletabte format and tiius apply the seiectbn for active poly^ 
more general conditions. 

la further enibodiments; thrs general system rs preferred for directed in vivo 
mutagenesis of genes. The target gene is doned into the region near a plasmid origin of 
replication that puts its replication obligateiy under control of the error prone polymerase. : 

30 The construct is passaged through a polA(ts) recA strain and grov^ at the nonpermissive 
temperature, thus specifically mutagenizing the target gene while replicating the rest of the / 
plasmid with high fidelity. 

In other embodiments, selection is based on the ability of mutant DNA 
polymerases to PCR amplify DMA under altered conditions or by utilizing base analogs. The 

35 mutant polymerases act on the template that encod s th m in a PCR amplification, thus 
differentially replicating thos polymerases. 
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In brief, an initial library of mutants is replica plated. Pofymeras preparations 
are done in a 96-well format. Crude plasmid preparations are mad of the sam set. Each 
plasmid prep is PCR-amplified using the polymerase prep derived from that plasmid under 
the conditions for which one wishes to optimize the polymerase (e.g., added DMSO or 
5 fonmamide, altered temperature of denaturation or extension, altered buffer salts, PGR with 
base analogs such a-thiol dNTP's for use with mass spectroscopy sequencing, PGR of GG 
rich DN^ (>60% GG),PGR vwth novel baseanalogs such as 7-deaza purines^ X fluoto 
dNTP^, rNTP's. PGR with inosine. etc.). TTre amplified genes are pooled, cfoned.^hd 
subjected to mutagenesis, and the process repeated until an improvement is achieved. 

10 G. Evolved Phosphonatase 

Alkaline phosphatase is a widely used reporter enzyme for ELISA assays, 
protein fusion assays, and in a secreted fomn as a reporter gene for mammalian cells. The 
chemical lability of p-nitrophenyl phosphate (pNPP) substrates and the existence of cellular 
phosphatases that cross-react with pNPP is an important limitation on the sensitivity of 

15 assays using this reporter gene. A reporter gene with superior signal to noise properties can 
be developed based on hydrolysis of p-nitrophenyl phosphonates, which are far more stable 
to base catalyzed hydrolysis than the con^sponding phosphates. Additionally, there are far 
fewer naturally occurring cellular phosphonatases than alkaline phosphatases. Thus a p- 
nitrophenyl phosphonatase is an attractive replacement for alkaline phosphatase because 

20 the background due to chemical and enzymatic hydrolysis is much lower. This will allow one 
to make ELISA's more sensitive for detecting very small concentrations of antigen. 

Ghen et al. (J, Mol, Bjol, 234:165-178 (1993)) have shown that a Staph, 
aureus befe-lactaniase carr hydrolyze p-nittophenyl phosphonateesters with single lumov^r^ 
kinetics. The »Sive site SerTO (the acKve srtenudeophite for beta lactam hydrolysis) forms ^ 

25 a covalertt fntermediate with the substrate^ This is analogous to the first step in hydrolysis of ' 
beta lactams, and this enzyme can be evotvedby RSR to hydrolyze phosphonates by a 
mechanism analogous to beta lactam hydrofysrs. Metcarf and Wanner have described a 
cryptic phosphonate utilizing operon (phn) in E. coli, and have constructed strains bearing 
deletions of the phn operon fJ. Bact. 175:3430-3442 (1993)). This paper discloses 

30 sefections for growth of E. coli on phosphate free minimal media where the phosphorous is 
derived from hydrolysis of alkyi phosphonates by genes in the phn operon. Thus, one could 
select for evolved p-nitrophenyl phosphonatases that are active using biochemical selections 
on defined minimal media. Specifically, an efficient phosphonatase is evolved as follows. A 
library of mutants of the Staph, aureus beta lactamase or of one of th £ co// phn enzymes 

35 is constructed. The library is transform d into E. coli mutants wherein th phn operon has 
be n deleted, and selected for growth on phosphat fr MOPS minim al nrie dia containing p- 
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nitrophenyl phosphonat . RSR is applied to selected mutants to further evolve the enzym 
for improved hydrolysis of p-nitrophenyl phosphonates. 

D. Evolved Detergent Proteases 

Proteases and lipases are added in large quantities to detergents to 
5 enzymatically degrade protein and lipid stains on clothes. The incorporation of these 

enzymes into detergents has significantly reduced the need for surfactants in detergents with 
a consequent reduction in the cost of farmulaiiaa of detergents and miprovement in stain 
rBfrrovaf properties. Proteases with frrrproved spedfic activity, improved range of protein 
substrate specificity, improved shelf life, improved stability at elevated temperature, and 

10 reduced requirements for surfactants would add value to these products. 

As an example, subtiltsin can be evolved as follows. The cloned subtilisin 
gene (von der Osten et al., J. Biotechnol. 28:55-68 (1993)) can be subjected to RSR using 
growth selections on complex protein media by virtue of secreted subtilisin degrading the 
complex protein mixture. More specifically, libraries of subtilisin mutants are constructed in 

15 an expression vector which directs the mutant protein to be secreted by Badllus subtilus. 

Bacillus hosts transformed with the libraries are grown in minimal media with complex protein 
formulation as carbon and/or nitrogen source. Subtilisin genes are recovered from fast 
growers and subjected to RSR, then screened for improvement in a desired property. 

E. Escape of Phage from a "Protein Net" 

20 In some embodiments, selection for improved proteases is performed as 

follows. A library of mutant protease genes is constructed on a display phage and the phage 
grown in a muKiwell format or on plates. The phage are overiayed with a "protein net" which 
ensnares the phage. The net can consist of a protein or proteins engineered with surface 
disulphides and then crossHnked witfr a library of peptide Knkers. A further embodiment 

25 employs an mixiDsffy matrix to further trap the phage. The phage are further incubated, then 
washed to collect liberated phage wher^ the displayed protease was able to liberate the 
phage from the protein net. The protease genes are then subjected to RSR for further 
evolution. A further embodiment employs a library of proteases encoded by but not 
displayed on a phagemid wherein streptavidin is fused to pill by a peptide linker. The library 

30 of protease mutants is evolved to cleave the linker by selecting phagemids on a biotin 
column between rounds of amplification. 

In a further embodiment, the protease is not necessarily provided in a display 
format. The host cells secrete the protease encoded by but not surface diplayed by a 
phagemid, while constrained to a well, for example, in a microtiter plate. Phage display 

35 format is preferred where an ntire high titre lysat Is ncased in a protein net matrix, and 
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the phag xpressing active and broad specificity proteases digesting th matrix to be 
liberated for the next round of amplification, mutagen sis, and selection. 

In a further embodiment, the phage are not constrained to a well but. rather, 
protein binding filters are used to make a colony of plaque lifts and are screened for activity 
5 with chromogenic or fluorogenic substrates. Colonies or plaques con^sponding to positive 
spots on the filters are picked and the encoded protease genes are recovered by, for 
example^ PCR. The protease gene&ara then subjected to RSR for further ^oiiitton. 
R Screens for Improved Protease Actrvrty 

Peptide substrates containing fluorophores attached to the carboxy terminus 
10 and fluorescence quenching mottles on the amino temninus, such as those described by 
Holskin. et al, (Anal. Biochem . 227:148-55 (1995)) (e.g.. (4-4'- 

dimethylaminophenazo)benzoyl-arg-gly-val-val-asrhala-ser-ser-arg-leu-ala-5-(2-aminoethyl)- 
amino-naphthalene-1 -sulfonic add) are used to screen protease mutants for broadened or 
altered specificity. In brief, a library of peptide substrates is designed with a flourophore on 

15 the amino terminus and a potent fluorescence quencher on the carboxy terminus, or vice 
versa. Supematants containing secreted proteases are incubated either separately with 
various members of the library or with a complex cocktail. Those proteases which are highly 
active and have broad specificity will cleave the majority of the peptides, thus releasing the 
fluorophore from the quencher and giving a positive signal on a fiuorimeter. This technique 

20 is amenable to a high density multiwell format 

G. Improving pharmaceutical proteins using RSR 

Table I lists proteins that are of particular commercial interest to the 
phanmaoailical industry. These proteins are all candidates forRSR evolution to improve 
functiorr. such as specific activity, ligand binding^ shelf life, reduction of side ^fects through 

25 ^ihancedspedfidty, etc. AH are vweH-suited ta mantpidatkin by the techniques of the - 

inventioru Adcfibonat embodiments espedaUy applicable to this list sre d«cribed bekw. ' 

Rrst, high throughput methods for expresstrrg and purifying Obraries ofrnutant 
proteins, similar to the methods described above for Taq polymerase, are applied to the 
proteins of Table I. These mutants are screened for activity in a functional assay. For 

30 example, mutants of IL2 are screened for resistance to degradation by plasma or tissue 
proteases; or for retention of activity on the low affinity IL2 receptor but with loss of activity 
on the high affinity IL2 receptor. The genes from mutants with improved activity relative to 
wild-type are recovered, and subjected to RSR to improve the phenotype further. 

Preferably, the libraries are generated in a display format such that the mature 

35 folded protein is physically link d to th genetic information that ncod s it. Examples 
include phage display using filamentous phage (O'Neil t al., Current Biology 5:443-449 
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(1995)) or bacteriophage lambda gene V display (Dunn, J. Mol. Biol. 248:497-506 (1995)), 
peptides on plasmids (Gates et al., J. Mol. Biol. 255:373-386 (1995)) where th polypeptide 
of interest is fus d to a lac headpiece dimer and the nascent translation product binds ta a 
lac operator site encoded on the plasmid or PCR product, and polysome display (Matthealds 
5 et a!.. Proc. Natl. Acad. Sci. fU.S.A.^ 91:9022-9026 (1994)) where ribosomes are stalled on 
mRNA molecules such that the nascent polypeptide is exposed for interaction with cognate 
ligands without disrupting the stalled libosome/mRNA complex. Selected complexes are 
subjected to RT-PCR to recover the genes. 

When so displayed, affinity binding of the recombinant phage is often done 

10 using a receptor for the protein of interest. In some cases it is impractical to obtain purified 
receptor with retention of all desired biological characteristics (for example, 7- 
transmembrane (7-TM) receptors). In such cases, one could use cells expressing the 
receptor as the panning substrate. For example, Banry et al. (Nat. Med. 2:299-305 (1996)) 
have described successful panning of M13 libraries against whole cells to obtain phage that 

15 bind to the cells expressing a receptor of interest. This format could be generally applied to 
any of the proteins listed in Table I. 

In some embodiments, the following method can be used for selection. A 
stock of phagemids encoding I FN alpha mutants, for example, can be used directly at 
suitable dilution to stimulate cells. The biological effect on the cells can be read out by 

20 standard assays (e.g., proliferation or viral resistance) or indirectly through the activation of a 
reporter gene such as GFP (Crameri et al., Nat. Med. 14:315-319 (1996)) under the control 
of an I FN responsive promoter, such as an MHC class I promoter. In one embodiment, 
phagemids remaining attached after stimulation, expression and FACS purification of the 
responsive ceHs, can be purified by FACS. Preferably, the brightest cells are collected.^ The 

25 phagennds are collected and their DNAatbjected to RSR until the te^ 
improvement is achieved. 

Thus, for example, IL-3 is preparBd in one of these display formats and 
subjected to RSR to evolve an agonist with a desired level of activity. A library of IL3 
mutants on a filamentous phage vector is created and affinity selected ("panned^ against 

30 purified IL3 receptor to obtain mutants with improved affinity for receptor or for improved 

potency of phase displayed IL-3. The mutant IL-3 genes are recovered by PCR, subjected to 
RSR, and recloned into the display vector. The cycle is repeated until the desired affinity or 
agonist activity is achieved. 

Many proteins of interest are expressed as dimers or higher order multimeric 

35 forms. In som embodiments, the display formats descibed above preferentially are applied 
to a single chain version of the protein. Mutagen sis, such as RSR, can be us d in thes 
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display formats to volve improved single chain derivativ s of multim ric factors which 
inifially have low but detectable activity. This strategy is described in more detail below. 
H. Wh le Cells lecti ns 

In some embodiments, the eukaryotic cell is the unit of biological selection. 
5 The following general protocol can be used to apply RSR to the improvement of proteins 
usiT^ eukaryotic cells as the unit of selection: (1) transfection or transduction of libraries of 
mutants iota a suitable host cett^ expression of the encoded gene praduct(s) either 
transiently orstably, (3) functional selection for cells with an improved phenotype (expression 
of a receptor with improved affinity for a target ligand; viral resistance, etc., (4) recovery of 

10 the mutant genes by, for example, PCR followed by preparation of HIRT supematants with 
subsequent tranfonnation of £ co//, (5) RSR and (6) repetition of steps (1) - (5) until the 
desired degree of improvement is achieved. 

For example, previous work has shown that one can use mammalian surface 
display to functionally select cells expressing cloned genes, such as using an antibody to 

15 done the gene for an expressed surface protein (Reviewed by Seed, Curr. Ooin Biotechnol. 
6:567-573 (1995)). Briefly, cells are transiently transfected with libraries of cloned genes 
residing on replicating episomal vectors. An antibody directed against the protein of interest 
(vi*iose gene one wishes to done) is immobilized on a solid surface such as a plastic dish, 
and the transfeded cells expressing the protein of interest are affinity seleded. 

20 For example, the affinity of an antibody for a ligand can be improved using 

rtOTimalian surface display and RSR. Antibodies with higher affinity for their cognate ligands 
are then screened for improvement of one or more of the following properties: (1) improved 
therapeutic propecbes (increased cell killing, neutralization of ligands, adivation of signat ' 
transdudian pathways by crosslinking receptai^, (2) improved in vivo imagirtg applications 

25 ( detect io n of the axtibody by covalent/nonoovalent binding of a radionudtde or any agent 

delectabte outside of the body by noninvasive n«ans/such as NMR), (3) improved analytical 
appBcations (ELISA detection of proteins orsmall motecufes), and (4) improved catafysts 
(catalyfic antibodies). The methods described are general and can be extended to any 
receptor-ligand pair of interest A specific example is provided in the experimental sedion. 

30 The use of a one mutant sequence-one transfeded cell protocol is a preferred 

design feature for RSR based protocols because the point is to use functional seledion to 
identify mutants with improved phenotypes and, if the transfection is not done in a "donal" 
tehion, the functional phenotype of any given cell is the result of the sum of multiple 
transfeded sequences. Protoplast fusion is one method to achieve this end, since each 

35 protoplast contains typically greater than 50 copies ach of a singi plasmid variant. 

However, it is a relativ ly low effidency process (about 10^-10^ transf dants), and it do s 
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not work well on some non-adherent cell lines such as B cell lines. Retroviral vectors 
provide a second alternative, but they are limited in th size of acceptabi insert (<10 kb) and 
consistent, high expression levels are sometimes difficult to achieve. Random integration 
results in varying expression levels, thus introducing noise and limiting one's ability to 
5 distinguish between improvements in the affinity of the mutant protein vs. increased 

expression. A related class of strategies that can be used effectively to achieve "one gene- 
one ce^" DNA transfer and consistent expression levels for RSR is to. use a viral vector 
wfnch- contains a lox site and to introduce this into a host that expresses ere recombihase, 
preferably transiently, and contains one or more lox sites integrated into its genome, thus 
10 limiting the variability of integration sites (Rohlman et al. Nature Biotech. 14:1562-1565 
(1996)). 

An altemative strategy is to transfect with limiting concentrations of plasmid 
(i.e., about one copy per cell) using a vector that can replicate in the target cells, such as is 
the case with ptasmids beanng SV40 origins transfected into COS cells. This strategy 

15 requires that either the host cell or the vector supply a replication factor such as SV40 large 
T antigen. Northrup et al. U Biot Chem. 268:2917-2923 (1993)) describe a strategy wherein 
a stable transfectant expressing SV40 targe T antigen is then transfected with vectors 
bearing SV40 origins. This format gave consistently higher transient expression and 
demonstrable plasmid replication, as assayed by sensitivity to digestion by Dpn I. Transient 

20 expression (i.e. non-integrating plasmids) is a preferred format for cellular display selections 
because it reduces the cyde time and increases the number of mutants that can be 
screened. 

: The expression of SV40 large T antigen or other replication factors may have 
deleterious effects on or may work ineffidentty in some cells. In sudi cases, RSR is applied i 
25 to the repKcation^tctor itself to evolve nmitants with improved activity in the cell type of ' ^ ^ 
interest. A generic protocol for evolving such a factor is as follows: 

The target ceH is transfected with GFP doned onto a vector contairring S^ 
large T antigen, an SV40 origin, and a reporter gene such as GFP; a related format is 
cotransfection with limiting amounts of the SV40 large T antigen expression vector and an 
30 excess of a reporter such as GFP doned onto an SV40 origin containing plasmid. Typically 
after 1-10 days of transient expression, the brightest cells are purified by FACS. SV40 large 
T antigen mutants are recovered by PCR. and subjected to mutagenesis. The cyde is 
repeated until the desired level of improvement is obtained. 
I. Autocrine Selection 
35 In some embodim nts, mutant prot ins are selected or scr ned based on 

their ability to x rt a biological effed in an autocrine fashion on th cell xpressing th 
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mutant protein. For example, a library of alpha interferon genes can b select d for 
induction of more potent or more specific antiviral activity as follows. A library of interferon 
alpha mutants is generated in a vector which allows for induction of expression (i.e. under 
control of a metallothionein promoter) and efficient secretion in a multiwell format (96-weli for 
5 example) with one or a few independent clones per well. In some embodiments, the 
promoter is not inducible.and may be constitutive. 

Expression of thecionedinterferan genes is inducecL The cells ace- . 
cfraffenged with a cytotoxic virus against which one wishes to evofve an optimized interferorr" 
(for example vesicular stomatitus virus or HIV). Surviving cells are recovered. The cloned 

10 interferon genes are recovered by PGR amplification, subjected to RSR, and cloned back 
into the transfection vector and retransfected into the host cells. These steps are repeated 
until the desired level of antiviral activity is evolved. 

In some embodiments, the virus of interest is not strongly cytotoxic. In this 
case a conditionally lethal gene, such as herpes simplex virus thymidine kinase, is cloned 

15 into the virus and after challenge with virus and recovery, conditionally lethal selective 

conditions are applied to kill cells that are infected with virus. An example of a conditionally 
lethal gene is herpes TK, which becomes lethal upon treating cells expressing this gene with 
the thymidine analog acyclovir. In some embodiments, the antiproliferative activity of the 
cloned interferons is selected by treating the cells with agents that kill dividing cells (for 

20 example, DNA alkylating agents). 

In some embodiments, potent cytokines are selected by expressing and 
secreting a library of cytokines in cells that have GFP or another reporter under control of a 
promoter that is induced by the cytokine, such as the MHC dass I promoter being induced by 
evoh^ed v at ia i rts of alpha interferon. The signal transduction pathway is configured such that 

25 the wild type cytokine to be evohred gives a weak but detectable signal 

J. Improved Serum StabiKtv and Circutatio n Half-Life ^ 

fn some embodiments of the rm^tion, prnterns are evolved by RSR to have 
improved circulation half life or stability in serum. A prefened method for improving half-life 
is evolving the affinity of a protein of interest for a long lived serum protein, such as an 

30 antibody or other abundant serum protein. Examples of how affinity for an antibody can 
enhance serum half life include the co-administration of IL2 and anti-IL2 antibodies which 
increases serum half-life and anti-tumor activity of human recombinant IL2 (Courtney et al., 
ImmunopharmacoloQv 28:223-232 (1994)). 

The eight most abundant human serum proteins are serum albumin, 

35 immunoglobulins, lipoprot ins. haptoglobin, fibrinogen, transfenin, alpha-1 antitrypsin, and 
alpha-2 macroglobulin (DoolittI , chapters. The Plasma Proteins F. Putnam, ed.; Academic 



BNSOOCID: <WO_9827230A1J_> 



wo 98/27230 



PCT7US97724239 



51 

Press. 1984). These and other abundant serum proteins such as cerulopiasmin and 
fibronectin are the primary targets against which to evolve binding sites on therapeutic 
proteins such as in Table I for the purpose of extending half-life. In the case of antibodies, 
the preferred strategy is to evolve affinity for constant regions rather than variable regions in 
5 order to minimize individual variation in the concentration of the relevant target epitope 
(antibody V region usage between different individuals is significantly variable). 

Binding sites of the desired affinity are evolved by applying phage display, 
peptides orr plasmid display or pofysorrre display selections to the protein of rrrterest: 'As a 
source of diversity, one could randomly mutagenize an existing binding site or otherwise 

10 defined region of the target protein, append a peptide library to the N terminus. C terminus, 
or intemally as a functionally nondisruptive loop, or use "family shuffling" of homologous 
genes. DNA shuffling is particularly advantageous for problems where one v/ants to 
simultaneously optimize two or more "uncooelated" properties such as improved affinity for 
HSA while retaining biological activity. 

15 In other embodiments of the invention, half life is improved by derivatization 

with PEG. other polymer conjugates or half-life extending chemical moieties. These are 
established methods for extending half-life of therapeutic proteins (R. Duncan. Clin. 
Phamnacokinet 27:290-306 (1994); Smith et al.. TIBTECH 1 1 397-403 (1993)) and can have 
the added benefit of reducing immunogenicity (R. Duncan, Clin. Pharmacokinet 27:290-306 

20 (1994)). However, derivatization can also result in reduced affinity of the therapeutic protein 
for its receptor or ligand. RSR is used to discover alternative sites in the primary sequence 
that can be substituted with lysine or other appropriate residues for chemical or enzymatic 
conjugation with half-life extending chemical moieties, and which result in proteins with 
maximal retCTtion of biological activity. . . 

25 A preferred strategy is to exjwBss a fibray of mutarrts of the prxjtein in a^ V' 

display fbnmat, derivatize the library with the agent of interest (i.e. PEG) using chemistry that 
does rrot brolo^catly inactivate the display system, select based on afRnity for the cognate 
receptor, PCR amplify the genes encoding the selected mutants, shuffle, reassemble, 
redone into the display format, and iterate until a mutant v^h the desired activity, post 

30 modification, is obtained. An alternative format is to express, purify and derivatize the 

mutants in a high throughput format, screen for mutants with optimized activity, recover the 
corresponding genes, subject the genes to RSR and repeat. 

In further embodiments of the invention, binding sites for target human 
proteins that are localized in particular tissues of interest are evolved by RSR. For example, 

35 an interf ron can be volved to contain a binding sit for a liver surface prot in. such as 
hepatocyt grov\4h factor receptor, such that the interferon partitions selectively onto liv r 
cells and has higher specific antiviral activity on liver cells. Such an bvuIvclQ interferon could 
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b useful for treatment of hepatitis. Analogously, one could evolv affinity for abundant 
epitopes on erythrocytes such as ABO blood antigens to localize a given prot in to th blood 
stream. 

In further embodiments of the invention, the protein of interest is evolved to 
5 have increased stability to proteases. For example, the clinical use of IL2 is limited by 
serious side effects that are related to the need to administer high doses. High doses are 
required due to the short half life (S-S min. Lotze et ai^ JAMA. 23B(22):3t 17-2124 (1986)) and 
the consequent need for high doses to maintain a therapeutic level of fLZ One of the fac t o r s 
contributing to short half-lives of therapeutic proteins is proteolysis by serum proteases. 
10 Cathepsin D, a major renal add protease, is responsible for the degradation of IL2 in Balb/c 
mice (Ohnishi et al.. ggnwr p^$, 50:1 107-1 1 12 (1 990)). Furthermore, Ohnishi showed that 
treatment of Balb/c mice with pepstatin, a potent inhibitor of this protease, prolongs the half 
life of recombinant human IL2 and augments lymphokine-activated killer cell activity in this 
mouse model. 

15 Thus, evolution of protease resistant variants of IL2 or any of the proteins 

listed in Table i that are resistant to serum or kidney proteases is a preferred strategy for 
obtaining variants with extended serum half lives. 

A preferred protocol is as follows. A library of the mutagenized protein of 
interest is expressed in a display system with a gene-distal epitope tag (i.e. on the 

20 N-tenminus of a phage display constnict such that if it is cleaved off by proteases, the 
epitope tag is lost). The expressed proteins are treated with defined proteases or with 
complex cocktails such as whole human serum. Affinity selection with an antibody to the 
gene distal ^ag is performed. A second screen or selection demanding biological function 
(e.g., binding to cognate receptor) is performed. Phage retaining the epitope tag (and hence 

25 protease resistant) are recovered and subjected to RSR. The process is repeated until the 
deared level of resistance is attained. 

In other embodiments, the prooedune is perfomred ^ a screening fbmrat 
wherein mutant proteins are expressed and purified in a high throughput format and 
screened for protease resistance with retention of biological activity. 

30 In further embodiments of the invention, the protein of interest is evolved to 

have increased shelf life. A library of the mutagenized nucleic add squence encoding the 
protein of interest is expressed in a display fonmat or high throughput expression fomiat, and 
exposed for various lengths of time to conditions for which one wants to evolve stability 
(heat, metal ions, nonphysiological pH of, for example, <6 or >8, lyophilization, freeze- 

35 thawing). Genes are recovered from functional survivors, for xample, by PGR. Th DMA is 
subjected to mutagenesis, such as RSR, and the process repeated until the d sired lev I of 
improv ment is achieved. ^ 
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The case of IFN presents an opportunity to evolv recombinants with 
improved half-life. There are > 10^^ possible recombinations of the amino acid diversity in 
this family. Since these recombinants are formed from segments of wild-type IFN genes, 
relatively few if any novel T ceil epitopes will be created by the process. Molecules that are, 
5 highly active are like to closely resemble natural interferons structurally, and thus present few 
if any novel B cell epitopes. This creates a situation wherein the ability to create large 
libraries of recombinants can be combined with the power of phage panning to select for 
recombinants with affinity for abundant senmrpnoteins such as human serum lErlbumrn. 
Proteins with affinity for long lived, abundant serum proteins have been shown to have 

10 enhanced semm half lives. Thus, one could obtain IFN recombinants with lengthened serum 
half lives by using phage panning to select for recombinants which have affinity for proteins 
such as HSA. Since binding to HSA or the mutations which create affinity for HSA may 
abrogate or substantially reduce IFN activity, one would have to counter screen for retention 
of potent IFN activity. By applying phage panning, activity screening, and shuffling iterattvely, 

15 one could obtain recombinants with high activity and a desired level of affinity for target 
serum proteins. The half lives of candidate IFN*s can be tested in transgenic mice 
expressing the human serum protein as a neo-self protein. 

These approaches can be generalized to other proteins for which there exist 
multiple homologous human allelic or nonallelic forms. The approach can also be 

20 generalized further to be applied to proteins with no non*allelic human homologs, such as 
IL2. The gene for IL2 would be shuffled with IL2 genes from other mammals, with a 
preference for closely related mammals such as the primates. Recombination of the **natural 
diversity" defined by these homologs is expected to generate very high quality libraries with 
many active and superior molecules as was seen for the activities of the shuffled interferons 

25 in human and mouse cells. 

K. Evolved Single Chain Versions of Muftisubunit Factors 

As discussed above, in some embo d i ments of the irtvention, the substrate for ' 
evolution by RSRis preferably a single chain contruction. The possibility of performing ' 
asymetric mutagenesis on constructs of homomultimeric proteins provides important new 

30 pathways for further evolution of such constructs that is not open to the proteins in their 

natural homomultimeric states. In particular, a given mutation in a homomultimer will result 
in that change being present in each identical subunit. In single chain constructs, however, 
the domains can mutate independently of each other. 

Conversion of multisubunit proteins to single chain constructs with new and 

35 useful properties has been demonstrated for a number of proteins. Most notably, antibody 
heavy and light chain variable domains have been linked into single chain Fv's (Bird et al., 
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242:423-426 (1988)), and this strategy has resulted in antibodies with improv d 
th nnal stability (Young et al.. F^BS Lett 377:135-139 (1995)). or sensitivity to proteolysis 
(Solar et a!.. Prot. Eng. 8:717-723 (1995)). A functional single chain version of IL5. a 
homodimer, has been constructed, shown to have affinity for the IL5 receptor similar to that 
of wild type protein, and this construct has been used to perform assymetric mutagenesis of 
the dimer (U et al., J. Biol. Chem. 271:1817-1820 (1996)), A single chain version of 
urokinasertype plasminogen activator has been made, and it has been shdwm th^ the single 
chain construct is more resrstant to pfasminogen activator inhibrtor type 1 than the native 
homodimer (Higazi et al., Blood 87:3545-3549 (1996)). Finally, a single-chain insulin-like 
growth factor I/insulin hybrid has been constmcted and shown to have higher affinity for 
chimeric insulin/IGF-1 receptors than that of either natural ligand (Kristensen et al., Biochem. 
iL305:9ai-886 (1995)). 

In general, a linker is constmcted which joins the amino terminus of one 
subunit of a protein of interest to the carboxyl temninus of another subunit in the complex. 
These fusion proteins can consist of finked versions of homodimers, homomultimers, 
heterodimers or higher onier heteromultimers. In the simplest case, one adds polypeptide 
linkers between the native termini to be joined. Two significant variations can be made. 
First, one can construct diverse libraries of variations of the wild type sequence in and 
around the junctions and in the linkers to facilitate the constnjction of active fusion proteins. 
Secondly, Zhang et al., (Biochemistry 32:12311-12318 (1993)) have described circular 
permutations of T4 lysozyme in which the native amino and cari30xyl tenmini have been 
joined and novel amino and carboxyl termini have been engineered into the protein. The 
methods of circular pennutation. libraries of linkers, and libraries of junctional sequences 
flanking the Jinkers allow one to construct Sbraries that are diverse m topotogic^ linkage 
strategies and irr primary sequence. Th^HMffies are expressed and selected for activity. 
Any of the above mentioned strategies for screening or selection can be used, with phage 
display being preferable in most cases. Genes encoding active fusion proteins are ' 
recovered, mutagenized, reselected, and subjected to standard RSR protocols to optimize 
their function. Preferably, a population of selected mutant single chain constructs is PGR 
amplified in two seprate PGR reactions such that each of the two domains is amplified 
separately. Oligonucleotides are derived from the 5' and 3* ends of the gene and from both 
strands of the linker. The separately amplified domains are shuffled in separate reactions, 
then the two populations are recombined using PGR reassembly to generate intact single 
chain constructs for further rounds of selection and evolution. 
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V. Improved Properties f Pharmaceutical Proteins 

A. Evolved Specificity for Receptor or Cell Type of interest 

The majority of the proteins listed in Table I are either receptors or iigands of 
pharmaceutical interest. Many agonists such as chemokines or interleukins agonize more 
5 than one receptor. Evolved mutants with improved specificity may have reduced side effects 
due to their loss of activity on receptors which are implicated in a particular side effect profile. 
For most of these ligand/receptors, mut^ fcmns with improvedsfiiraty would have improved 
pharmaceutical properties. For example, an antagonistic form of RAhfTES with improved 
affinity for CCR5 or CXCR4 or both should be an improved inhibitor of HIV infection by virtue 

10 of achieving greater receptor occupancy for a given dose of the dmg. Using the selections 
and screens outlined above in combination with RSR, the affinities and specificities of any of 
the proteins listed in Table I can be improved. For example, the mammalian display format 
could be used to evolve TNF receptors with improved affinity for TNF. 

Other examples include evolved interferon alpha variants that arrest tumor 

15 cell proliferation but do not stimulate NK cells, IL2 variants that stimulate the low affinity IL2 
receptor complex but not the high affinity receptor (or vice versa), superantigens that 
stimulate only a subset of the V beta proteins recognized by the wild type protein (preferably 
a single V beta), antagonistic fomis of chemokines that specifically antagonize only a 
receptor of interest, antibodies with reduced cross-reactivity, and chimeric factors that 

20 specifically activate a particular receptor complex. As an example of this latter case, one 
could make chimeras between IL2 and IL4, 7, 9, or 15 that also can bind the IL2 receptor 
alpha, beta and gamma chains (Theze et al., Imm. Today 17:481-486 (1996)), and select for 
chimeras that retain binding for the intermecfiate affinity IL2 receptor complex on monocytes 
but have reduced affinity for the high affimty ILZ alpha, beta, gamnra receptor convex on 

25 activated T cefis. V 

B. Evolved Aqoyijsts >vith lpcrea?e<| Potency 

In some embodiments of the inventron, a preferred strategy is the selection or 
screening for mutants with increased agonist activity using the whole cell formats described 
above, combined with RSR. For example, a library of mutants of IL3 is expressed in active 

30 form on phage or phagemids as described by Gram et al. (J. Immun. Meth. 161:169-176 
(1993)). Clonal lysates rosuKing from infection with plaque-purified phage are prepared in a 
high through-put format such as a 96-well microtiter format. An IL3-dependent cell line 
expressing a reporter gene such as GFP is stimulated with the phage stocks in a high 
throughput 96-well. Phage that result in positive signals at the greatest dilution of phage 

35 supematants are recovered; alternatively, DMA needing the mutant IL3 can be recovered by 
PGR. In som mbodiments, single cells expressing GFP und r control of an IL3 responsive 
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promoter can be stimulat d with the IL3 phag mid library, and the positiv cells are FACS 
sorted. The recovered nudeic acid is then subjected to PGR. and the process rep ated until 
the desired level of improvement is obtained. 



Name 



Table I 

POLYPEPTIDE CAMDtDATES FOR EVOLUTinM 

Name 



Alpha-1 antitrypsin 
Angio&tdtiri 
Antihemolytic factor 
10 Apolipoprotein 
Apoprotein 

Atrial natriuretic factor 

Atrial natriuretic polypeptide 

Atrial peptides 
15 Bacillus thuringensis toxins (Bt toxins) 

C chemikines (i.e.. Lymphotactin) 

OX-C chemokines (e.g., T39765, NAP-2, 
ENA-78, Gro-a, Gro-b. Gro-c, IP- 
10. GCP-2, NAP-4. SDF-1, PF4. 
20 MIG) 

Calcitonin 

CC chemokines (e.g.. Monocyte 
chemoattractant protein-1 . 
Monocyte chemoattractant protein- 

25 2, Monocyte chemoattractant 

protein-3. Monocyte inflammatory 
protein-1 alpha. Monocyte 
inflammatory protein-1 beta, 
RANTES, 1309, R83915, R91733. 

30 HCC1 . T58847, D31 065. T64262) 

CI340 ligand , . 

Ciliary rwurotrophic factor (CNTF) 
Collagen 

Colony stimutating factor (CSF, G-CSF/ 
35 GM-CSF. M-CSF) 

Conrrplement factor 5a 

Compfemerrt inhibitor 

Complement receptor 1 

Epidemnal growth factor (EGF) 
40 Eiythropoietin 

Factor IX 

Factor VII 

Factor VIII 

Factor X 
45 Fibrinogen 

Fibronectin 

FLT-3 receptor antagonist 
Glucocerebrosidase 
Gonadotropin 
50 Growth hormone 



Hedgehog proteins (e.3. -S£mic, Iridiaa, 
Deisert) 

Hemoglobin (for blood substitute; for 
radiosensitization) 

Hirudin 

Human serum albumin 
Insulin 

Interferon gamma 

Interieukin 20 (melanoma differentiation 

associated gene 7) 
Interieukins (1 to 18) 
Lactoferrin 
Leptin 

Leukemia inhibitiry factor (LIF) 

Luciferase 

Neurturin 

Neutrophil inhibitory factor (NIF) 
Oncostatin-M 
Osteogenic protein 
Parathyroid hormone 
Protein A 
Protein G 

RANK (receptor activator of NF-Kp) 

RANK ligand 

Relaxin 

Renin 

Salmon c^dtonrn 

Salniion growth honrnorie v 

Soluble CD4 

Sdubte CD2a , 

Soluble CD40. 

Soluble CD40 ligand 

Soluble CD80 (B7-1) 

Soluble CD86 (B7-2) 

Soluble CD150 (SLAM) 

Soluble CD152 (CTLA-4) 

Soluble complement receptor I 

Soluble l-CAM 1 

Soluble INF gamma receptor 

Soluble interieukin receptors (IL-1, 2, 3, 4. 

5. 6. 7. 9. 10, 11. 12, 13, 14. 15, 

16. 17, 18. 20) 
Soluble leptin rec ptor 
Soluble RANK 
Soluble TNF receptor 
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Somatomedin 

Somatostatin 

Somatotropin 

Stem cell factor 
5 Streptokinase 

Superantigens, i.e., Staphylococcal 

enterotoxins (SEA. SEB, SEC1. 
SEC2. SEC3, SED, SEE). Toxic 
shock syndrome toxin (TSST-1), 
1 0 Exfoliating toxins A and B, 

F^rrogenic exotoxins A, B, mdC, 
and M. arthritidis mitogen 



Superoxide dismutas 

Thrombopoi tin 

Thymosin alpha 1 

Tissue plasminogen activator 

Transforming growth factor beta 

Tumor necrosis factor beta (TNF beta) 

Tumor necrosis factor receptor (TNFR) 

Tumor necrosis factor-alpha (TNF alpha) 

Urokinase 

Viral IL1Q homologs. 



C. Evolution of Components of Eukaryotic Signal Transduction or 
Transcriptional Pathways 

15 Using the screens and selections listed above, RSR can be used in several 

ways to modify eukaryotic signal transduction or transcriptional pathways. Any component of 
a signal transduction pathway of interest, or of the regulatory regions and transcriptional 
activators that interact with this region and with chemicals that induce transcription can be 
evolved. This generates regulatory systems in which transcription is activated more potently 

20 by the natural inducer or by analogues of the normal inducer. This technology is preferred 
for the development and optimization of diverse assays of biotechnological interest. For 
example, dozens of 7 transmembrane receptors (7-TM) are validated targets for drug 
discovery (see, for example. Siderovski et al., Cun- Biol. . 6(2):21 1-212 (1996); An et al., 
FEBS Lett. . 375(1-2):12M24 (1995); Raport et al.. Gene . 163(2):295-299 (1995); Song et 

25 al.. Genomics. 28(2):347-349 (1995); Strader et al. FASEB J. . 9(9):745-754 (1995); Benka et 
al., FEHS Lett.: 363n-2):49-52 (1995); Spiegel, J. Clin Endocrjnol. Metab.. at(7):2434-2442 
(1996); Post et £l. FASEB J.. 10(7):741-T49 (1995); Reisme et al., Ann NY Acad, Sg. , : 
780:168-175 (1996); Spiegel, Annu. Ref. Phvsiol.. 58:143-170 (1996); Barak et al:. 
Biochemistry. 34(47): 15407-1 5414 (1995); and Shenker, Balllieres Clin. Endocnnol. Metab., 

30 9(3):427-451 (1995)). The development of sensitive high throughput assays for agonists and 
antagonists of these receptors is essential for exploiting the full potential of combinatorial 
chemistry in discovering such ligands. Additionally, biodetectors or biosensors for different 
chemicals can be developed by evolving 7-TM's to respond agonistically to novel chemicals 
or proteins of interest. In this case, selection would be for contructs that are activated by the 

35 new chemical or polypeptide to be detected. Screening could be done simply with 

fluorescence or light activated cell sorting, since the desired improvement is coupled to light 
production. 

In addition to detection of small molecul s such as pharmaceutical drugs and 
environmental pollutants, biosensors can be develop d that will respond to any chemical for 
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which there are receptors, or for which receptors can be volved by recursiv s quence 
recombination, such as hormones, growth factors, metals and drugs. Th receptors may be 
intracellular and direct activators of transcription, or they may be m mbrane bound receptors 
that activate transcription of the signal indirectly, for example by a phosphorylation cascade. 
5 They may also not act on transcription at all. but may produce a signal by some post- 
transcriptional modification of a component of the signal generating pathway. These 
receptors may also be generated Jiy^fusing domains responsible for binding difEefent ligands 
with difTerent signalling domains. Agairr, recorsrve sequence rec o m b i r l a tion cart be used to 
increase the amplitude of the signal generated to optimize expression and functioning of 

10 chimeric receptors, and to alter the specificity of the chemicals detected by the receptor. 

For example, G proteins can be evolved to efficiently couple mammalian 7-TM 
receptors to yeast signal transduction pathways. There are 23 presently known G alpha 
protein loci in mammals which can be grouped by sequence and functional similarity into four 
groups. Gs (Gna. Gna1), Gi (Gnai-2, Gnai-3, Gnai-1, Gnao, Gnat-1, Gnat-2, Gnaz). Gq 

15 (Gnaq, Ginia-11, Gna-14, Gna-15) and G12 {Gna-12, Gna-13) (B. Numberg et al., J. Mol. 
Med.. 73:123-132 (1995)). They possess an endogenous GTP-ase activity allowing 
reversible functional coupling between ligand-bound receptors and downstream effectors 
such as enzymes and ion channels. G alpha proteins are complexed noncovalentty with G 
beta and G gamma proteins as well as to their cognate 7-TM receptor(s). Receptor and 

20 signal specificity are controlled by the particular combination of G alpha, G beta (of which 
there are five known loci) and G gamma (seven known loci) subunits. Activation of the 
heterotrimeric complex by ligand bound receptor results in dissociation of the complex into G 
alpha monomers and G beta, gamma dimecs which then transmit signals by associating v^th 
downstreanrr effector proteins. The G alpha sibmit is believed to be the subunit that 

25 contacts the 7-TM, sid thus it is a focal point fbrthe evolution of chinneric or evolved 6 a^hV 
subunits that can^transmit signals from mammaiian 7-TM's.to yeast dowr^tream genes* - 
Yeast based bioassays for mammaBan receptors will greatty fadlrtate the 
discovery of novel ligands. Kang et al. (Mol. Cell Biol. 10:2582-2590 (1990)) have described 
the partial complementation of yeast strains bearing mutations in SCG1 (GPA1), a 

30 homologue of the alpha subunits of G proteins involved fn signal transduction in mammalian 
cells, by mammalian and hybrid yeast/mammalian G alpha proteins. These hybrids have 
partial function, such as complementing the growth defect in scg1 strains, but do not allow 
mating and hence do not fully complement function in the pheromone signal transduction 
pathway. Price et al. (Mol Cell Biol. 15:6188-6195 (1995)) have expressed rat somatostatin 

35 receptor subtype 2 (SSTR2) in yeast and demonstrated transmission of ligand binding 

signals by this 7-TM receptor through yeast and chim ric mammalian/y ast G alpha subunits 
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f coupling") to a HIS3 reporter g ne, under control of th pheromon r sponsive promoter 
FUS-1 enabling otherwise H!S3(-) cells to grow on minimal medium lacking histidine. 

Such strains are useful as reporter strains for mammalian receptors, but 
suffer from important limitations as exemplified by the study of Kang et al., where there 
5 appears to be a block in the transmission of signals from the yeast pheromone receptors to 
the mammalian G proteins. In general, to couple a mammalian 7-TM receptor to yeast signal 
tFansduction pathways one couptes the mammalian receptor to yeast, mammalian, or 
chimeric G alpha proteins, a n d th e se will m turn productively interact with downstream 
components in the pathway to induce expression of a pheromone responsive promoter such 

10 as FUS-1. Such functional reconstitution is commonly referred to as "coupling**. 

The methods described herein can be used to evolve the coupling of 
mammalian 7-TM receptors to yeast signal transduction pathways. A typical approach is as 
follows: (1) clone a 7-TM of interest into a yeast strain with a modified pheromone response 
pathway similar to that described by Price (e.g., strains deficient in FAR1, a negative 

1 5 regulator of G^ cyclins. and deficient in SST2 which causes the cells to be hypersensitive to 
the presence of pheromone), (2) constnjct libraries of chimeras between the mammalian G 
alpha protein(s) known or thought to interact with the GPA1 or homologous yeast G alpha 
proteins, (3) place a selectable reporter gene such as HIS3 under control of the pheromone 
responsive promoter FUS1 (Price et al.. Mol. Cell Biol. 15:6188-6195 (1995)). Alternatively, 

20 a screenable gene such as luciferase may be placed under the control of the FUS1 

promoter; (4) transfonn library (2) into strain (3) (HIS(-)), (5) screen or select for expression 
of the reporter in response to the ligand of interest, for example by growing the library of 
transformants on minimal plates in the presence of ligand to demand HISS expression, (6) 
recover the sheeted ceils, and and apply RSR to evolve improved expression of theieporter 

25 under the control of the pheromone responsive promoter FUS1. 

A second important consideration in evolving strains with optimized reporter 
cori s U ucLs for signal transduction pathways of rrrterest is optimizing the signal to noise ratio 
(the ratio of gene expression under inducing vs nonindudng conditions). Many 7-TM 
pathways are leaky such that the maximal induction of a typical reporter gene is 5 to 10-fold 

30 over background. This range of signal to noise may be insufficient to detect small effects in 
many high through put assays. Therefore, it is of interest to couple the 7-TM pathway to a 
second nonlinear amplification system that is tuned to be below but near the threshold of 
activation in the uninduced state. An example of a nonlinear amplification system is 
expression of genes driven by the lambda Pl promoter Complex cooperative interactions 

35 between lambda repressor bound at thre adjacent sit s in the cl promot r result in very 
efficient repression above a certain concentration of repressor. Below a critical threshold 
dramatic induction is seen and there is a window within which a smill SeSTSSse inrepressor 
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concentration I ads to a large increase in gene expression (Ptashne, A Gen tic 
Switch:Phaae Lambda a nd Higher Organisms. Blackwell Scientific Publ. Cambridg , MA, 
1992). Analogous effects are seen for some eukaryotic promoters such as those regulated 
by GAL4. Placing the expression of a limiting component of a transcription factor for such a 
5 promoter (GAL4) under the control of a GAL4 enhanced 7-TM responsive promoter results 
in small levels of induction of the 7-TM pathway signal being amplified to a much larger 
change kv the expression of a reporter construct alsaunder the control of a GAL4 dependent 
p r omuto. 

An example of such a coupled system is to place GAL4 under control of the 

10 FUS-1 pheromone responsive promoter and to have the intracellular GAL4 (itself a 

transcriptional enhancer) level positively feedback on itself by placing a GAL4 binding site 
upfstream of the FUS-1 promoter. A reporter gene is also put under the control of a GAL4 
activated promoter. This system is designed so that GAL4 expression will nonlineariy self- 
amplify and co-amplify expression of a reporter gene such as ludferase upon reaching a 

15 certain threshold in the cell. RSR can be used to great advantage to evolve reporter 

constructs with the desired signaling properties, as follows: (1) A single plasmid construct is 
made which contains both the GAL4/pheromone pathway regulated GAL4 gene and the 
GAL4 regulated reporter gene. (2) This construct is mutagenized and transformed into the 
appropriatefy engineered yeast strain expressing a 7-TM and chimeric yeast/mammalian 

20 protein of interest. (3) Cells are stimulated with agonists and screened (or selected) based 
on the activity of the reporter gene. In a preferred format, luciferase is the reporter gene and 
activity is quantitated before and after stimulation with the agonist, thus allowing for a 
quantita^ve measurement of signal to noise for each colony. (4) Cells with improved reporter 
properties are recovaned, the constructs aB shuffled, and RSR is applied to further evolve 

25 the plasmid to give optimal signal to rrcsse ch aiacle ristics. ^ 

These approaches are genaaf ^dJOustrate how any COTTponent of a signal 
transduction pathway or transcription factor could be evolved usir^ RSR arid the screen^ 
and selections described above. For example, these specific methods could be used to 
evolve 7-TM receptors with specificity for novel iigands. specificity of nuclear receptors for 

30 novel Iigands (for example to obtain hertjidde or other small molecule-inducible expression 
of genes of interest in transgenic plants, such that a given set of genes can be induced upon 
treatment with a given chemical agent), specificity of transcription factors to be responsive to 
viral factors (thus inducing antiviral or lethal genes in cells expressing this transcription factor 
(transgenics or cells treated with gene therapy constructs), or specificity of transcription 

35 factors for activity in cancer cells (for example p53 deficient cells, thus allowing one to inf ct 
with gene therapy constructs expressing conditionally I thai genes in a tumor specific 
fashion). ~ ' ■■ 
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The following examples are offered by way of illustration, not by way of 

limitation. 

EXPERIMENTAL EXAMPLES 
I. Evolution of BIAP 
5 A preferred strategy to evolve BIAP is as follows. A codon usage libary is 

constructed from 60-mer oligonucleotides such that the central 20 bases of each oligo 
spedfies the wild type proteirv but encodes^the wild-type protein sequenca with degenerate 
codorrs. Preferably, very rare codorrs for the prokaryotic host of choice, such as E co//, are 
not used. The 20 bases at each end of the oligo use non-degenerate, but preferred, codons 

10 in £ CO//. The oligonucleotides are assembled into full-length genes as described above. 
The assembled products are cloned into an expression vector by techniques well known in 
the art. In some embodiments, the codon usage library is expressed with a library of 
secretory leader sequences, each of wtiich directs the encoded BIAP protein to the E. coli 
periplasm. A library of leader sequerKes is used to optimize the combination of leader 

15 sequence and mutant. Examples of leader sequences are reviewed by Schatz et al. (Ann 
Rev. Genet. 24:215-248 (1990)). The doned BIAP genes are expressed under the control of 
an inducible promoter such as the arat>tnose promoter. Arabinose- induced colonies are 
screened by spraying with a substrate for BIAP, bromo-chloro-indolyl phosphate (BCIP). The 
bluest colonies are picked visually and subjected to the RSR procedures described herein. 

20 The oligonucleotides for construction of the codon usage library are listed in 

Table II. The corresponding locations of these promoters is provided in Figure 1. 

Table It 

1. AACCCTCCAG TTCCGAACCC CATATGATGA TCACCCTGCG TAAACTGCCG:^ 
25 2. AACCCTCCAG TTCCGAACCC CATATGAAAAAAACCGCT 

3. AACCCTCCAG TTCCGAACCC ATATACATATGCGTGCTAAA 

4. AACCCTCCAG TTCCGAACCC CATATGAAAT ACCTGCTGCCGACC 

5. AACCCTCCAG TTCCGAACCC GATATACATA TGAAACAGTC 

6. TGGTGTTATG TCTGCTCAGG CDATGGCDGT DGAYTTYCAY CTGGTTCCGG 
30 TTGAAGAGGA 

7. GGCTGGTTTC GCTACCGTTG CDCARGCDGC DCCDAARGAY CTGGTTCCGG 
TTGAAGAGGA 

8. CACCCCGATC GCTATCTCTT CYTTYGCDTC YACYGGYTCY CTGGTTCCGG 
TTGAAGAGGA 

35 9. GCTGCTGGCT GCTCAGCCGG CDATGGCDAT GGAYATYGGY CTGGTTCCGG 
TTGAAGAGGA 
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1 0. TGCCGCTGCT GTTCACCCCG GTDACYAARG CDGCDCARGT DCTGGTTCCG 
GTTGAAGAGG A 

1 1 . CCCGGCTTTC TGGAACCGTC ARGCDGCDCA RGCDCTGGAC GTTGCTAAAA 
AACTGCAGCC 

1 2. ACX3TTATCCT GTTCCTGGGT GAYGGYATGG G YGTDCCDAC CGTTACCGCT 
ACCCGTATCC 

13. AAACTGGGTC CGGAAACCCC DCTGGCDATG GAYCARTTYG CGTACGTTGC 
TCTGTCTAAA 

14. GGTTCCGGAC TCTGCTGGTA CYGCDACYGC DTAYCTGTGC GGTGTTAAAG 
GTAACTACCG 

1 5. CTGCTCGTTA CAACCAGTGC AARACYACYC GYGGYAAYGA AGTTACCTCT 
GTTATGAACC 

16. TCTGTTGGTG TTGTTACCAC YACYCGYGTD CARCAYGCDT CTCCGGCTGG 
TGCTTACGCT 

17. GTACTCTGAC GCTGACCTGC CIX3CDGAYGC DCARATGAAC GGTTGCCAGG 
ACATCGCTGC 

18. ACATCGACGT TATCCTGGGT GGYGGYCGYA ARTAYATGTT CCCGGTTGGT 
ACCCCGGACC 

19. TCTGTTAACG GTGTTCGTAA RCGYAARCAR AAYCTGGTDC AGGCTTGGCA 
GGCTAAACAC 

20. GAACCGTACC GCTCTGCTGC ARGCDGCDGA YGAYTCYTCT GTTACCCACC 
TGATGGGTCT 

21 . AATACAACGT TCAGCAGGAC CAYACYAARG AYCCDACYCT GCAGGAAATG 
ACCGAAGTTG 

22. AACCCGCGTG GTTTCTACCT GTTYGTDGAR GGYGGVCGVA TCGACCACGG t 
TCACCACGAC 

23. GACCGAAGCTGGrrATGTTCGAYAAYGCDATYGCDAARGCTAACGAACTGA 
CCTCTGAACT 

24. CCGCTGACCA CTCTCACGTT TTYTCYTTYG GYGGYTAYAC CGTGCGTGGT 
ACCTCTATCT 

25. GCTCTGGACT CTAAATCTTA YACYTCYATY CTGTAYGGYA ACGGTCCGGG 
TTACGCTCTG 

26. CGTTAACGAC TCTACCTCTG ARGAYCCDTC YTAYCARCAG CAGGCTGCTG 
7TCCGCAGGC 

27. AAGACGTTGC TGTTTTCGCT CGYGGYCCDC ARGCDCAYCT GGTTCACGGT 
GTTGAAGAAG 
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28. ATGGCTTTCG CTGGTTGCGT DGARCCDTAY ACYGAYTGYA ACCTGCCGGC 
TCCGACCACC 

29. TGCTCACCTG GCTGCTTMAC CDCCDCCDCT GGCDCTGCTG GCTGGTGCTA 
TGCTGCTCCTC 

5 30. TTCCGCCTCT AGAGAATTCT TARTACAGRG THGGHGCCAG GAGGAGCAGC 
ATAGCACCAG CC 

at. AAGCAGCCAGGTGAGCAGCGTCHGGRATRQARGTHGCGGTGGTCGGAGCC 
GGCAGGTT 

32. CGCAACCAGG GAAAGCCATG ATRTGHGCHA CRAARGTYTC TTCTTCAACA 
10 CCGTGAACCA 

33. GCGAAAAGAG CAACGTCTTC RCCRCCRTGR GTYTCRGAHG CCTGCGGAAC 
AGCAGCCTGC 

34. AGAGGTAGAG TCGTTAACGT CHGGRCGRGA RCCRCCRCCC AGAGCGTAAC 
CCGGACCGTT 

1 5 35. AAGATTTAGA GTCCAGAGCT TTRGAHGGHG CCAGRCCRAA GATAGAGGTA 
CCACGCAGGG 

36. ACGTGAGAGT GGTCAGCGGT HACCAGRATC AGRGTRTCCA GTTCAGAGGT 
CAGTTCGTTA 

37. GAACATACCA GCTTCGGTCA GHGCCATRTA HGCYTTRTCG TCGTGGTGAC 
20 CGTGGTCGAT 

38. GGTAGAAACC ACGCGGGTTA CGRGAHACHA CRCGCAGHGC AACTTCGGTC 
ATTTCCTGCA 

39. TCCTGCTGAA CGTTGTATTT CATRTCHGCH GG YTCRAACA GACCCATGAG 
GTGGGTAACA i: 

25 . 40. CAGCAGAGCGGTACGGTTCCAHACRTAYTGHGCRCCYTGG IGl I l A GCCr ' 
GCCAAGCCTG .. " 

41. TACGAACACC GTTAACAGAA GCRTCRTCHG GRTAYTCHGG GTCCGGGGTA 
CCAACCGGGA 

42. CCCAGGATAA CGTCGATGTC CATRTTRTTH ACCAGYTGHG CAGCGATGTC 
30 CTGGCAACCG 

43. CAGGTCAGCG TCAGAGTACC ARTTRCGRTT HACRGTRTGA GCGTAAGCAC 
CAGCCGGAGA 

44. TGGTAACAAC ACCAACAGAT TTRCCHGCYT TYTTHGCRCG GTTCATAACA 
GAGGTAACTT 

35 45. CACTGGTTGTAACGAGCAGCHGCRGAHACRCCRATRGTRCGGTAGTTACC 
TTTAACACCG 
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46. ACCAGCAGAG TCCGGAACCT GRCGRTCHAC RTTRTARGTT TTAGACAGAG 
CAACGTACGG 

47. GGGTTTCCGG ACCCAGTTTA CCRTTCATYT GRCCYTTCAG GATACGGGTA 
GCGGTAACGG 

5 48. CCCAGGAACA GGATAACGTT YTTHGCHGCR GTYTGRATHG GCTGCAGTTT 
TTTAGCAACG 

49- ACGGTTCCAGAAAGCaKaGTCrT(X:TCTTCAACCGGAACCAG 
511. CCTCAGCAGA CATAACACCA GCHGCHACHG CHACHGCCAG CGGCAGTTTA 
CGCAGGGTGA 

10 51 . ACCGGGGTGA ACAGCAGCGG CAGCAGHGCC AGHGCRATRG TRGACTGTTT 
CATATGTATATC 

52. GCCGGCTGAG CAGCCAGCAG CAGCAGRCCH GCHGCHGCGG TCGGCAGCAG 
GTAGTTTCA 

53. AAGAGATAGC GATCGGGGTG GTCAGHACRA TRCCCAGCAG TTTAGCACGC 
15 ATATGTATAT 

54. CAACGGTAGC GAAACCAGCC AGHGCHACHG CRATHGCRAT AGCGG I I I I I 
TTCATATG 

55 AGAATTCTCT AGAGGCGGAA ACTCTCCAAC TCCCAGGTT 
56. TGAGAGGTTG AGGGTCCAAT TGGGAGGTCA AGGCTTGGG 

20 

All oligonucleotides listed 5' to 3'. The code for degenerate positions is: R: A or G; Y: C or T; 

H: A or C or T; D: A or G or T. 

II. Mammalian Surface Display , 

Durmg an immune responise antibodies naturally undergo a process of affinity 

25 ma t u r ati on resulting in mutant antilwdies with improved affinities for their cognate antigens. ■ 
TTits process is driven by somatic hypermutation ofantiisody genes coupled with clonal 
selection (Berek and Milstein. Immun. Rev 96:23-41 (1987)). Patten et al. fSdence 
271:1086-1091 (1996)) have reconstructed the progression of a catalytic antibody from the 
genmline sequence, which binds a p-nitrophenyiphosphonate hapten with an affinity of 135 

30 micromolar, to the affinity matured sequence which has acquired nine somatic mutations and 
binds with an affinity of 10 nanomolar. The affinity maturation of this antibody can be 
recapitulated and improved upon using cassette mutagenesis of the CDR's (or random 
mutagenesis such as with PGR), mammalian display, FACS selection for improved binding, 
and RSR to rapidly evolve improved affinity by recombining mutations encoding improved 

35 binding. 
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Genomic antibody expression shuttle v ctors similar to those d scribed by 
Gascoigne et al. (Proc. Natl. Acad. Sci. (U.S.A.^ 84:2936-2940 (1987)) are constructed such 
that libraries of mutant V region exons can be readily cloned into the shuttle vectors. The 
kappa construct is cloned onto a plasmid encoding puromycin resistance and the heavy 
5 chain is cloned onto a neomycin resistance encoding vector. The cDNA derived variable 
region sequences encoding the mature and gemnline heavy and light chain V regions are 
reconfigured by PGR mutageriesis. into genomic exons flanked by Sfi I sites vtfith 
complementary Sfi I sites placed at the appropriate locations in the genomic shuttfe vectors. 
The oligonucleotides used to create the intronic Sfi I sites flanking the VDJ exon are: 5' Sfi I: 

10 5'-TTCCATTTCA TACATGGCCG AAGGGGCCGT GCCATGAGGA TTTT-y; 3' Sfi I: 5'- 
TTCTAAATG CATGTTGGCC TCCTTGGCCG GATTCTGAGC CTTCAGGACC A-3'. 
Standard PGR mutagenesis protocols are applied to produce libraries of mutants wherein the 
following sets of residues (numbered according to Kabat. Sequences of Proteins of 
ImmunoloQical Interest. U.S. Dept of Health and Human Services, 1991) are randomized to 

15 NNK codons (GATG.GATG.GG): 



Chain 


CDR 


Mutated residues 


V-L 


1 


30, 31,34 


V-L 


2 


52, 53, 55 


V-H 


2 


55, 56, 65 


V-H 


"4" 


74. 76, 78 



Stable transfectant lines are made for each of the two light and heavy chain 
constructs (mature and germline) using the B cell myeloma AG8-653 (a gift from J. Kearney) 
as a host using standard electroporation protocols. Libraries of mutant plasmids encoding 
the indicated bbraries of V-L mutants are transfected into the stable transformant expressing 

25 the germline V-H^ and the V-H mutants are transfected into the genmiine V-L stable 

transfectant line. In both cases, the tibraries are introduced by protoplast fusion (Sambrook 
et al., Molecular Cloning . CSH Press (1987)) to ensure that the majority of transfected ceBs 
receive one and only one mutant plasmid sequence (which would not be the case for 
electroporation where the majority of the transfected cells would receive many plasmids, 

30 each expressing a different mutant sequence). 

The p-nitrophenylphosphonate hapten (JWJ-1) recognized by this antibody is 
synthesized as described by Patten et al. (Science 271:1086-1091 (1996)). JWJ-1 is 
coupled directly to 5-(((2-aminoethyl)thio)acetyl)fluorescein (Molecular Probes, Inc.) by 
formation of an amide bond using a standard coupling chemistry such as EDAG (March, 

35 Advanced Qroanic Chemistry . Third edition, John Wiley and Sons, 1985) to give a 

monomeric JWJ-1 -FITG probe. A "dimeric" conjugate (two molecules of JWJ-1 coupled to a 
FAGS maricer) is mad in order to get a higher avidity probe, thus makif^THWfr affinity 



BNSDOCID: <WO 9827230A1 I > 



wo 98/27230 



PCT/US97724239 



66 

interactions (such as with the germline antibody) more readily det ct d by FACS. This is 
generated by staining with Texas Red conjugated to an anti-fluorescein antibody in the 
presence of two equivalents of JWJ-1-FiTC. The bivalent stmcture of IgG then provid s a 
homogeneous bivalent reagent. A spin column is used to remove excess JWJ-I-FITC 
5 molecules that are not bound to the anti-FITC reagent. A tetravalent reagent is made as 
follows. One equivalent of biotin is coupled with EDAC to two equivalents of 
ethylenediamine, and this is then ba coupled tolhe f ree cact^oxylate on JWJ-rt.,. Tbe^^ 
triotiyfated JWJ-1 product is purified by ron ^cdiange ch r oma to g r a phy and ch aracte r ised by 
mass spectrometry. FITC labelled avidin is incubated with the biotinylated JWJ-1 in order to 

10 generate a tetravalent probe. 

The FACS selection is perfonned as follows, according to a protocol similar to 
that of Panka et al. (Proc. Natl. Acad. Sci. (U.S.A.) 85:3080-3084 (1988)). After transfection 
of libraries of mutant antibody genes by the method of protoplast fusion (with recovery for 36 
- 72 hours), the cells are incubated on ice with fluorescently labelled hapten. The incubation 

15 is done on ice to minimize pinocytosis of the FITC conjugate which may contribute to 
nonspecific background. The cells are then sorted on the FACS either with or without a 
washing step. FACSing without a washing step is preferable because the off rate for the 
germline antibody prior to affinity maturation is expected to be very fast (>0.1 sec-1; Patten 
et al., Science 271:1086-1091 (1996)); a washing step adds a complicating variable. The 

20 brightest 0.1 - 10% of the cells are collected. 

Four parameters are manipulated to optimize the selection for increased 
binding: monomeric vs dimeric vs tetrameric hapten, concentration of hapten used in the 
staining reaction (low concentration selects for high affinity Kd's)» time between washing and 
FACS (longer time selects for low off rat^, and selectivity in the gating (t.e^ take the top 

25 0. 1% to t0%, more preferatriy the top (Lt%). The constructs expressing the g^rnltner : 
mature, aid both combinations of half genmtine are used as controls to optimize this 
setectrvity. 

Plasmids are recovered from the FACS selected cells by the transformation of 
an £. coli host with Hirt supematants. Altematively, the mutant V gene exons are PCR- 
30 amplified from the FACS selected cells. The recovered V gene exons are subjected to RSR. 
recloned into the corresponding genomic shuttle vector, and the procedure recursively 
applied until the mean fluorescence intensity has increased. A relevant positive control for 
improved binding is transfection with the affinity matured 48G7 exons (Patten et al., op. cit.). 

In a further experiment, equal numbers of germline and each of the two half 
35 germline transfectants are mbced. Th brightest cells are select d under conditions 

described above. The V genes are recovered by PCR, recloned into expression vectors, and 
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co-transf cted, either two plasmids per £ co// followed by protoplast fusion, or by bulk 
electroporation. The mean fluorescent intensity of the transfectants should increase due to 
enrichment of mature relative to germline V regions. 

This methodology can be applied to evolve any receptor-ligand or binding 
5 partner interaction. Natural expression formats can be used to express libraries of mutants 
of any receptor for which one wants to improve the affinity for the natural or novel ligands. 
Typcat examples would be improvement of the affinity of T ceil receptors for Bgands of 
interest (i.e. MHC/tumor peptide antigen complexes) or TNF receptor for TNF (soluble forms 
of TNF receptors are used therapeutically to neutralize TNF activity). 

10 This fomnat can also be used to select for mutant forms of ligands by 

expressing the ligand in a membrane bound fonm with an engineered membrane anchor by a 
strategy analogous to that of Wettstein et a UJ. Exp. Med. 174:219-28 (1991)). FACS 
selection is then performed with fluorescently labelled receptor. In this format one could, for 
example, evolve improved receptor antagonists from naturally occurring receptor antagonists 

15 (IL1 receptor antagonist, for example). Mutant forms of agonists vinth improved affinity for 
their cognate receptors could also be evolved in this format. These mutants would be 
candidates for improved agonists or potent receptor antagonists, analogous to reported 
antagonistic mutant forms of IL3. 
III. Evolution of Alpha Interferon 

20 There are at hand 18 known non-allelic human interferon-alpha (INF-a) 

genes, with highly related primary structures (78-95% identical) and with a broad range of 
biological activities. Many hybrid interferons with interesting biological activities differing from 
the par^ttat molecules have been described (reviewed by Horisberger and Dt Marco, Pharm. 
Ther. 65:507-534 (1995)). A consensus human alpha interferon, IFN-Coni, has been ' 

25 constructed synthetically wherein the most common residue in fourteen known iFr4-a*s fras ' 
been put at each position, and it compares favorably with the naturally occurring interf^ons 
fOzes etal.. J. Interferon Res. 12:55-59 (1992)). This IFN contains 20 amino add changes 
relative to IFN-a2a, the INF-a to virtiich it is most closely related. IFN-Coni has 10-fold 
higher specific antiviral activity than any known natural IFN subtype. IFN-a Coni has in vitro 

30 activities 10 to 20 fold higher than that of recombinant IFN a-2a (the major IFN used 

clinically) in antiviral, antiproliferative and NK cell activation. Thus, there is considerable 
interest in producing interferon hybrids which combine the most desirable traits from two or 
more interferons. However, given the enormous number of potential hybrids and the lack of 
a crystal structure of IFN -a or of the IFN-a receptor, there is a perceived impasse in the 

35 d velopment of novel hybrids (Horisberger and Di Marco, Pharm. Ther. 66:507-534 (1995)). 
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Th biological effects of IFN-a's are diverse, and include such properties as 
induction of antiviral state (induction of factors that arrest translation and d grad mRNA); 
inhibition of cell gro\Arth; induction of Class I and Class II MHC; activation of monocytes and 
macrophages; activation of natural killer cells; activation of cytotoxic T cells; modulation of ig 
5 synthesis in B cells; and pyrogenic activity. 

The various IFN-a's subtypes have unique spectra of activities on different 
target cells and unique skie effect profiles. (Qrtalda etaL, Proc. Natl. Acad Sci , (u , 5^/ ) 
81:4925-4929 (1984); Overall etat.. J. fnterfignon Res. T2:281-288 (1992}; Rsh and Stebbing, 
Biochem. Biophvs. Res. Comm 1 12:537-546 (1983); Week et al.. J. Gen. VirQf 57:233-237 

10 (1981)). For example, human IFNa has very mild side effects but low antiviral activity. 
Human IFNaS has very high antiviral activity, but relatively severe side effects. Human 
IFNa7 lacks NK activity and blocks NK stimulation by other INFa's. Human IFN-a J lacks the 
ability to stimulate NK cells, but it can bind to the IFN-a receptor on NK cells and block the 
stimulatory activity of IFN-oA (Langer et al., J. Interferon Res. 6:97-105 (1986)). 

15 The therapeutic applications of interferons are limited by diverse and severe 

skfe effect profiles which include flu-like symptoms, fatigue, neurological disorders including 
hallucination, fever, hepatic enzyme elevation, and leukopenia. The multiplicity of effects of 
IFN-a's has stimulated the hypothesis that there may be more than one receptor or a 
niulticomponent receptor for the IFN-a family (R. Hu et al., J. Biol. Chem 268:12591-12595 

20 (1993)). Thus, the existence of abundant naturally occuning diversity within the human 

alfdia \Fffs (and hence a large sequence space of recombinants) along with the complexity 
of the IFN-a receptors and activities creates an opportunity for the construction of superior 
h^rids. ^ 

A. Complexttv of the Seggence Space 

25 Figure 2 shows the protein sequences of 1 1 human IFN-a's. The differences i 

firom consensus are. indicated. Those positions where a degenerate codon can capture all of 
the dtversity are indicated with an asterisk. Examirratfon of the atigned sequences reveals 
that there are 57 positions with two, 15 positions with three, and 4 positions with four 
possible amino adds encoded in this group of alpha interferon genes. Thus, the potential 

30 diversity encoded by permutation of all of this naturally occurring diversity is: 2^ x 3^^ x 4^ = 
5.3 X 10^. Among these hybrids, of the 76 polymorphisms spread over a total of 175 sites In 
the 11 interferon genes, 171 of the 175 changes can be incorporated into homologue 
libraries using single degenerate codons at the conesponding positions. For example, Arg, 
Trp and Gly can all be encoded by the degenerate codon (A,T.G)GG. Using such a strategy. 

35 1.3 x 10^ hybrids can b captured with a s/ng/e s tofd generat otigonucleotid s. As is 
evident from Tables III to VI, 27 oligonucleotid s is sufficient to shuffl all lev n human 
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alpha interferons. Virtually all of the natural diversity is thereby encoded and fully permuted 
due to degeneracies in th nine "block" oligonucleotides in Tab! V. 

B. Properties of a "Coarse Grain" Search of Homotooue Sequence Space 
The modelled structure of IFN alpha (Kontsek. Acta Vir. 38:345-360 (1994)) 
5 has been divided into nine segments based on a combination of criteria of maintaining 
secondary structure elements as single units and placing/choosing placement of the 
segmenL boundaries in regions of high identity. Hence, one can capture the whole family 
with St single set of mildly degenerate otrgonudeotides. Table Iff and Rgure 2 give the 
precise locations of these boundaries at the protein and DNA levels respectively. It should 
10 be emphasized that this particular segmentation scheme is arbitrary and that other 

segmentation schemes could also be pursued. The general strategy does not depend on 
placement of recombination boundaries at regions of high identity between the family 
members or on any particular algorithm for breaking the structure into segments. 

T^ble III 

15 Segmentation Scheme for Aloha Interferon 

Segment Amino Adds # Alleles # Permutations of all Sequence 

Variations 





1 


1-21 


5 


1024 




2 


22-51 


10 


6.2 X 10* 




3 


52-67 


6 


96 


20 


4 


68-80 


7 


1024 






81-92 


7 


192 




6 


93-115 


10 


2^x10* 




7 


116-131 


■ ■ . 4 ■■- 


8 




. ,, 8 


132r138 


4 , . • •; . 


8 . 


25 . 


9 


139-167 


9: 


9216 



Many of the IFN's are identical over some of the segments, and thus there are 
less than eleven different "alleles" of each segment Thus, a library consisting of the 
permutations of the segment "alleles" would have a potential complexity of 2.1 x 10^ (5 
30 segment #1's times 10 segment #2's x .... x 9 segment # 9's). This is far more than can be 
examined in most of the screening procedures described, and thus this is a good problem for 
using RSR to search the sequence space. 
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C. Detailed Strgteqies for Using RSR to S arch the IFN-alpha H m I gn 
Sequence Space 

The methods described herein for oligo directed shuffling (i.e. bridge 
oligonucleotides) are employed to construct libraries of interferon alpha hybrids, and the 
5 general methods described above are employed to screen or select these mutants for 

improved function. As there are numerous formats in which to screen or select for improved 
intecferon activity, many of which depmd on the unique properties of int er f erons; eaeemplary 
de saiptio n s of IFN based assays are d esc r ibed below. 

D. A Protocol for a Coarse Grain Search of Hybrid IFN Alpha Sequence 
10 Space 

In brief, libraries are constructed wherein the 1 1 homologous forms of the 
nine segments are permuted (note that in many cases two homologues are identical over a 
given segment). All nine segments are PGR- amplified out of all eleven IFN alpha genes 
with the eighteen oligonucleotides listed in Table IV, and reassembled into full length genes 

15 with oligo directed recombination. An arbitrary number, e.g., 1000, clones from the library 
are prepared in a 95-well expression/purification fonnat. Hybrids with the most potent 
antiviral activities are screened, Nudeic add is recovered by PGR amplification, and 
subjected to recombination using bridge oligonudeotides. These steps are repeated until 
candidates with desired properties are obtained. 

20 E Strategies for Examining the Space of >10^ Fine Grain Hybrids 

In brief, each of the nine segments is synthesized with one degenerate oligo 
per segment. Degenerades are chosen to capture all of the IFN-alpha diversity that can be 
captured wSh a single degenerate codon vyithout adding any non-natural sequence - A 
second set of degenerate oligonudeotides:&iooding the nine segments is gmerated wherein 

25 all of the natural dhrersity is captured, but adtfitionsd non-natural mutations are mduded at 
posftiortS AA^iere necessitated by the constr^tsof the genetic code. }n most cases all of the 
diversity can t)e captured with a single degenerate codon; in some cases a degenerate 
codon v»n capture all of the natural diversity but will add one non-natural mutation; at a few 
postions it is not possible to capture the natural diversity without putting in a highly 

30 degenerate codon which will create more than one non-natural mutation. It is at these 

positions that tiiis second set of oligonudeotides will differ from the first set by beirtg more 
indusive. Each of the nine synthetic segments is then amplified by PGR vwth the 18 PGR 
oligonudeotides. Full lengUi genes using \he oligo directed recombination method are 
generated, transf cted into a host, and assayed for hybrids wlUi desired properties. The best 

35 hybrids from (e.g, tti top 10%, 1% or 0.1%; preferably \he top 1%) are subjected to RSR 
and the process repeat d until a candidate witti th desired properties is obtain d. 
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F. "N n-gentte" Rne Grain S arch 

On th one hand, one could make libraries wherein ach segm nt is derived 
from the degenerate synthetic oligonucleotides which will need random permutations of 
the homologue diversity. In this case, the initial library will very sparsely search the space of 
5 >10^ possible fine grain hybrids that are possible with this family of genes. One could 
proceed by breeding positives together from this search. However, there would be a large 
number of differences between independent members of such iibrartes^ and consequently 
the b reeding process would not be very "gentfe* because pools of refatively dhrergent genes 
would be recombined at each step. 
10 G. "Gentle" Fine Grain Search 

One way to make this approach more "gentle" would be to obtain a candidate 
starting point and to gently search from there. This starting point could be either one of the 
natural IFN-alpha's (such as IFN alpha*2a which is the one that is being used most widely 
therapeutically), the characterized IFN-Coni consensus interferon, or a hit from screening 
15 the shufRed IFN-alpha*s described above. Given a starting point, one would make separate 
libraries wherein one breeds the degenerate segment libraries one at a time into the founder 
sequence. Improved hits from each library would then be bred together to gently build up 
mutations all throughout the molecule. 

H. Functional Cellular Assavs 

20 The following assays, well known in the art, are used to screen IFN alpha 

mutants: inhibition of viral killing; standard enor of 30-50%; inhibition of plaque forming units; 
very low standard error (can measure small effects); reduced viral yield (useful for nonlethal, 
nonplaquefomrnng viruses); inhibition of cett growth (3H-thymidine uptake assay; activation 
of NK ceHs to IdB tumor cells; suppression of tumor formation by human INF administered to 

25 nude nuce erigrafted with hunfian tumors (skin tunfiors for exami^ 

Most of these assays are amenable to high throughput screersng. Libraries of 
recombirrant IFN alpha mutamts are expressed and purified in high throughput formats such 
as expression, iysis and purification in a 96-well format using antHFN antibodies or an 
epitope tag and affinity resin. The purified IFN preparations are screened in a high 

30 throughput format, scored, and the mutants encoding the highest iactivities of interest are ' 
subjected to further mutagenesis, such as RSR, and the process repeated until a desired v 
level of activity is obtained. 

I. Phage Display 

Standard phage display formats are used to display biologically active IFN. 
35 Libraries of chim ric IFN genes are xpressed in this format and are select d (positively or 
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negatively) for binding (or reduced binding) to one or more purified IFN receptor preparations 
or to one or more IFN receptor expressing cell types. 

J GFP r Luctf rase Und er Control f IFM-Alpha Dependent pr m tef 

Protein expressed by mutants can be screened in high throughput format on a 
5 reporter cell line which expresses GFP or luciferase under the control of an IFN alpha 
responsive promoter, such as an MHC Class I promoter driving GFP expression. 

Stimulation of Target Cells with Intact i nfections Par«g|^ ^ 
Purification of active IFN wBI Irmit ttre tfrroughput of the assys described 
above. Expression of active IFN alpha on filamentous phage Ml 3 would allow one to obtain 
1 0 homogenous preparations of IFN mutants in a format where thousands or tens of thousands 
of mutants could readily be handled. Gram et al. rj. Imm, Meth 161:169-176 (1993)) have 
demonstrated that human IL3, a cytokine with a protein fold similar in topology to IFN alpha, 
can be expressed on the surface of M13 and that the resultant phage can present active IL3 
to IL3 dependent cell lines. Similariy, Saggio et al, (Gene 152:35-39 (1995)) have shown 
15 that human diiary neurotrophic factor, a four helix bundle cytokine, is biologically active when 
expressed on phage at concentrations similar to those of the soluble cytokine. Analogously, 
libraries of IFN alpha mutants on M13 can be expressed and phage stocks of defined titre 
used to present biologically active IFN in the high throughput assays and selections 
described herein. 

20 The following calculation supports the feasibility of applying this technology to 

IFN alpha. Assuming (1) titres of 1x10^° phage/ml with five active copies of interferon 
displayed per phage, and (2) that the displayed interferon is equivalently active to soluble 
recombinant interferon (it may well be more potent due to multi-valency), the question then is 
whether one can reasonably expect to see biological activity. 

25 (1x10^° phage/ml) x (5 IFN molecules/phage) x (1 mdlelBxIOP molecules) x 

(26,000 gm/mole) x (10® ng/gm) =2.2 ng/ml 

the range ofxoncentration used in biologicaf assays is: 1 ng/ml fbrNK 
activation, 0.1 - 10 ng/ml for antiproliferative activity on Eskol rells, and 0.1-1 ng/ml on 
Daudi cells (Ozes et al., J. Interferon Res 12:55-59 (1992)). Although some subtypes are 

30 glycosylated, interferon alpha2a and consensus interferon are expressed in active 

recombinant form in £. coli, so at least these two do not require glycosylation for activity. 
Thus, IFN alpha expressed on filamentous phage is likely to be biologically active as phage 
stocks without further concentration. Libraries of IFN chimeras are expressed in phage 
display formats and scored in the assays described above and below to identify mutants with 

35 improv d properti stob put into further rounds of RSR. 
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When one phage is sufficient to activate one cell du to the high valency state 
of the displayed prot in (five per phage in the gene III fonmat; hundr ds per phage in th 
gene VIII format; tens in the lambda gene V format), then a phag stock can be used directly 
at suitable dilution to stimulate cells with a GFP reporter construct under the control of an 
5 IFN responsive promoter Assuming that the phage remain attached after stimulation, 

expression and FACS purification of the responsive cells, one could then directly FACS purify 
hybrids^vkdth improved activity from very large Ubrahes (up to and perhaps larger than 10^ 
pha g e per FACS run). 

A second way in which FACS is used to advantage in this fonmat is the 
10 following. Cells can be stimulated in a multiwell fonmat with one phage stock per well and a 
GFP type reporter construct. All stimulated cells are FACS purified to collect the brightest 
cells, and the IFN genes recovered and subjected to RSR, with iteration of the protocol until 
the desired level of improvement is obtained. In this protocol the stimulation is performed 
with individual concentrated fysates and hence the requirement that a single phage be 
15 sufficient to stimulate the cell is relaxed. Furthermore, one can gate to collect the brightest 
cells which, in turn, should have the most potent phage attached to them. 
L Cell Surface Display Protocol for IRS! Alpha Mutants 

A sample protocol follows for the cell surface display of IFN alpha mutants. 
This form of display has at least two advantages over phage display. Rrst, the protein is 
20 displayed by a eukaryotic cell and hence can be expressed in a property glycosylated form 
which may be necessary for some IFN alphas (and other growth factors). Secondly, it is a 
very high valency display format and is preferred in detecting activity from very weakly active 
mutants. 

Irr bri^, a library of mutant IFN's is constructed wherein a polypeptide sfgr\at 
25 for addition of a phosphoinositol tail has been fused to the cartK)xyi tenmrnus, thus targeting ' : 
the protein for surface expression (Wettstein et aL, J. Exp. Med. 174it9-28 (1991)). The 
library is used to transfect reporter cells described above (luoferase reporter gene) in a 
nriootiter format. Positives are detected with a charge coupling device(CCD) camera. 
Nudeic acids are recovered either by HIRT and retransformation of the host or by PCR, and 
30 are subjected to RSR for further evolution. 

M. Autocrine Displav Protocol for Viral Resistance 

A sample protocol follows for the autocrine display of IFN alpha mutants. In 
brief, a library of IFN mutants is generated in a vector which allows for induction of 
expression (i.e. metallothionein promoter) and efficient secretion. The recipient cell line 
35 canying an IFN responsiv reporter cassette (GFP or luciferase) is induced by transfection 
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with the mutant IFN constmcts. Mutants which stimulate the IFN responsiv promoter are 
d tected by by FACS or CCD camera. 

A variation on this format is to challenge transfectants with virus and select 
for survivors. One could do multiple rounds of viral challenge and outgrowth on each set of 
5 transfectants prior to retrieving the genes. Multiple rounds of killing and outgrowth allow an 
exponential amplification of a small advantage and hence provide an advantage in detecting 
small improvements in viral killing. 



Oligonucleotides needed f or blockwise recombination- 1fi 
10 Oligonucleotides for alpha interferon shuffling 





1. 


5'-TGTIG/A]ATCTG[CyT]CTiaG]AGACC 




2. 


5'-GGCACAAATGtG/A/ClG[A/CJAGAATCTCTC 




3. 


5'-AGAGATTCT[G/T]C[C/T/G]CATTTGTGCC 




4. 


5'-CAGTTCCAGAAG[A/G]CT[G/C][C/A]AGCCATC 


15 


5. 


5'-GATGGCT[T/G][G/C]AG[T/C]CTTCTGGAACTG 




6. 


5'-CTTCAATCTCTTCA[G/CICACA 




7. 


5'-TGTG[G/C]TGAAGAGATTGAAG 




8. 


5'-GGAIT/A][G/C]AGA[C/GI[C/G]CTCCTAGA 




9. 


5'-TCTAGGAG[G/CHG/CJTCT[G/C]IT/ArrCC 


20 


10. 


5'-GAACTT[T/G/A][T/A]CCAGCAA[A/CJTGAAT 




11. 


5'-ATTCA[T/G]TTGCTGGtAn]IA/T/C]AAGTTC 




12. 


5'-GGACTn'/C]CATCCTGGCTGTG 




13. 


5'-CACAGCCAGGATG[G/AlAGTCC 




14:- 


S'-AAGAATCACTCTTTATCT ■ : 


25 


15: 


S'-AGATAAAGAGTGATTCrr • 




IB- 


5VTGGGAGGTTGTCAGAGCAG 




IT. 


5'-CTGCTCTGACAACCTCCCA 




18. 


5'-TCA{AnFCCTTIC/A]CTC[T/CITTAA 


30 




Brackets indicate degeneracy with equal mixture of the spedfied bases at 




those positions. The purpose of the degeneracy is to allow this one set of primers to prime 



all members of the IFN family with similar efficiency. The choice of the oligo driven 
recombination points is important because they will get "overwritten" in each cycle of 
breeding and hence cannot coevoive with the rest of the sequence over many cycles of 
35 sel ction. 
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Table V 

Olinonucleot ides needed for "fine grain" recombination 
of natural diversity over each of the nine blocks 
Block #Length of oligo required 

5 1 76 

2 95 
3: 65 

4 56 

5 51 
10 6 93 

7 50 

8 62 

9 80 

15 Table VI 

Amino adds that can be reached bv a single step 
mutation in the codon of interest . 
Wild-Tvpe Amino Amino adds reachable by one 

Add mMt^ion 

20 W C. R. G. L 

Y F. S. C. H. N. D 
F L. I. V. S. Y, C 
L. S. W. F, I. M. V. P 

V ' F.L.l.M.A,aE,G 
25. I F,L,M.V.T.-N.K,S,R 

A S,P.T.V.D.E.G 

G V. A. D, E, R, S. C, W 

M L.I.V.T. K.R 

S F. L. Y. C. W. P. T. A. R. G, N. T. I 

30 T S, P. A. I, M, N, K. S, R 

P S. T. A. L. H. Q. R 

C F, S. Y. R. G. W 

N Y. H. K. D. S, T. I 

Q Y. H, K. E. L, P. R 

35 H Y, Q. N, D. L, P. R 

D Y. H. N, E. V, A. G 
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E Q.K.D,V,A.G 

R L, P, H. Q. C, W. S, G. K. T. I. M 

K Q, N. E, R. T. I. M 



5 Based on this Table, the polymorphic positions in IFN alpha where all of the 

diversity can be captured by a degenerate codon have been identified. Oligonucleotides of 
the length indicated in Table V above \Adth thedegeneracies inferred from Table VI are 
syrrtfiesizBtf. 

N. Evolution of Improved IFN-a 

10 1. Cloning 

IFN genes were cloned by PGR amplification from genomic DNA with 12 sets 
of degenerate primers by methods as discussed generally above. The PGR products were 
cloned into a standard phagemid display vector as fusions to fd bacteriophage gene III. 
Thirty clones were sequenced and compared to human alpha IFN genes in the literature. 

15 Most of the sequence matched known sequences exactly or nearly exactly (>98%DNA 
identity). Several dones did not match well with any known IFNs (i.e., about 93% identity) 
and are candidate novel IFN genes. One gene was a clear recombinant which presumably 
was created during the PGR. Eight of the ten clones were pooled and shuffled. These eight 
sequences contain about 66% of the known amino acid changes in this gene family. 

20 2. ShuffiinQ 

The genes were shuffled as follows. Pools of 20-50 bp and 50-100 bp 
fragments were prepared from partial Dnase I digests as described above. Additionally, 20- 
100 bp fragments were prepared from preparative PGR products of human genomic DNA 
with the same set of 12 primers. These fragments should contain all sequence diversity in 

25 the human alpha intoteron locus. Ghi meras wereiassembled by crossovs^ PGR by 20 S.- : 
cycte of (94*'Cx 60", 6°G x 60", 25X x 120*0 foitawed by two rounds of 1:10 dilution into : 
PGR buffer and reassembly by 20 cycles of (94°C x 30^; 40*C x 30", 72'G x (3(H-2ri)") where 
r> = cycle number. Full length genes were rescued by PGR with outside primers and the 
material was cloned into phagemid display vector by standard methods. Libraries of 2.5 x 

30 10*, 3.0 X 1 0^ and 2 X Itf complexity were obtained from the 20-50 bp, 50-100 bp and 
genomic PGR fragments, respectively. Sequencing of random chimeras verified that the 
shuffling had woriced effidently. 

3. Validation of bioioQical activity of phaoemids 

Large scale preps of phagemid particles were made by standard methods, 

35 using Ml 3 VCS as the helper phage. The IFN-genelll fusion genes were induced at mid log 
phase by the addition of 0.02% arabinose. The PEG precipitated phagemid partici s were 
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CsCI banded and dialyzed. The phagemid particles displayed active IFN as evidenced by the 
biological activity of phagemid preps expressing IFN-Con1, IFN2a, or the eight doned v^rild 
type IFN*s in a human Daudi cell antiproliferation assay (human cells) (Tymms et al.. Genet. 
Anal. Techn. ApdI. 7:53-63 (1990)). 
5 4. Screening for improved activity in the E>audi assay 

Two screening strategies were used to identify clones with improved activity: 
activity assays on randomly chosen dones and activity assays on CsCl banded pools 
followed by identification of the best dones from the most active pools. 

As an example, among eight randomly chosen chimeras, three were more 
10 active than Coni, one was intermediate between Coni and IFN2a, and four were negative. 
Figure 3 depicts the alignment of the amino acid sequences of four chimeric interferons with 
IFN-Con1. 

An example of pooled clones follows. Ninety-six dones were combined into 
eight different pools of twelve and assayed as pools on Daudi ceils. CsCI preps were made 

15 from the twelve clones in the most adive pool (Pi 2.7, or pool "F^. One of these clones, F4, 
was highly adive with adivity about 60x greater than Coni and about lOOOx greater than 
IFN2a. None of the parental IFN's had adivity greater than Coni, so this represents an 
increase of about 60-fold relative to the best parental done. This done has been assayed in 
a human virus protedion assay (WISH cells) (Jilbert et al.. Microbial. Path. 1:159-168 (1986) 

20 and been found to be more active than Coni in this assay as well, thus verifying bona fide 
interferon activity rather than generalized toxidty. 

5. Evolution for activity on mouse cells 

Eight wild-type mouse IFN genes were PCR amplified by standard methods 
and doned rnto the phagemid vedor. One of these dones was highly adive in a mouse 

25 antiviral assay (arouse cells) (Beilharz et at, J. Interferon Res. 9:305-314 (1988) when > 
displayed in this vector. The eight human parental IFN dones and IFN2a were all inactive; 
and Coni was weakly active in the mouse antrvirai assay. One of eight randomly screened 
human chimeras was more adive than Coni. One of eight pools of 12 dones (Pool *G") 
was adive in the mouse assay. Pool "G** yielded one highly adive clone, G8. One of sixteen 

30 pools of ninety-six was adive. This pool of ninety-six was broken into eight pools of twelve, 
and two of these pools were highly active. 

6. Interpretation 

Taken together, these data show that the recombination techniques descrit>ed 
herein combined with the screening methods described herein can be used to improve the 
35 adivity of already potent int rferons on human cells. Additionally, the m thods can be used 
to create a "related" activity (adivity on mouse cells) that did not pre-exist at a d tectabi 
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level in the starting gene population. Th data further demonstrate th applicability of th 
instant invention for creating populations of recombinant genes with Gaussian-lik 
distributions of activities from \vhich superior recombinants can b readily obtained. 
IV. Evolution of an Improved Luclferase 
5 The luciferase of Photinus pymlis was PGR amplified from pGL2_basic 

(Promega Corporation. Madison. Wl). The luciferase of Luciola mingrelica was PGR 
amplified from pJGR fPevine ^aL Biochim: BfODhvs. Acta 1 173:l2l>t» (iqo;^)) Both 
were done* by their start codon. encoded by NcoF, into pBAD24 (Guzman et al., J. Bacter ' 
177:4121-4130 (1995)). For DNAsel digestion, the luciferase genes, including some flanking 

10 regions, were PGR amplified by the primers BADup (TGGACGGCGTGAGACTTTGGTA) and 
BADdown (TAGTGCCGCGAGGGAAATTGT). The PGR products were mixed in equimolar 
amounts and partially digested with DNAsel. Fragments from 70 to 280 bp were gel purified. 
Five pg fragments were assembled in a volume of 10 pi using Taq-potymerase and the 
following 15 cycles in a robocyclen 94°G. 30 seconds; 6°G, 60 seconds; 25°G, 180 

15 seconds. The sample was diluted 1 :6 and cycled for another 20 cycles using a 1 :1 mix of 
Taq- and Pwo-polymerase in the DNA engine (94°G, 30 seconds; 40°C, 30 seconds. 72 °G. 
30 seconds). The sample was diluted 1 :4 and cycled for another 20 cydes using a 1:1 mix 
of Taq- and Pwo-polymerase in the DNA engine (94X. 30 seconds; 40**G. 30 seconds; 72°. 
30 seconds). To amplify the assembled DNA fragments, the assembly reaction was diluted 

20 1:10 to 1:100 and the primers #773 (TAGGGGATCGTAGGTGAGGG) and #297 

(TGAAAATGTTGTGTCATGGG) were included with the next 25 cycles using a 1:1 mbc of 
Taq- and Pwo-polymerase in the DNA engine (94°G, 30 seconds; 45'*G, 30 seconds; 72°G, 
110 seconds).. The PGR products were Ncol/HindlU digested and ligatedjnto pGKX-GFP. 
pGKX-GFP is pBAD24, wherein the Glal, Ncol Aratenose regulatory unit cassette was 

25 replaced by a variant of the /ox autoinducer systwn <rf Vibrio fischenitom pJGR (Devine et 
al., Pjoc!Tlm- PiophYS, Actq 1173:121-132 (1993)). The ligation was transformed into 
Blue. The libraries were plated t)n LB-Amp200 and grownr ON at 37"C. The colonies were 
picked into six 384 weH plates and grown overnight. The cuttures were gridded onto 
nitrocellulose and the colonies were grown overnight (ON) at 30 °G. The plate was 

30 incubated for 45 min. at 60 °G. Then the nitrocellulose filter was placed onto a blotting paper 
containing 100 mWI Na-citrate pH 5 containing 0.2% Triton X-100 and 1 mM D-Luciferin. This 
was placed onto plastic wrap with the nitrocellulose and colonies facing down. This 
assembly was placed on a BIOMAX MR in a film cassette for 30 min. After development, 
the film was scored by eye, the brightest clones were inoculated from the 384 well plates. 

35 and these don s were grown ON at 30X in 75 pi LB-Amp in 96 well fomiat. Th luciferas 
was xtracted from these cultures as follows. A culture volum of 20 Ml was mix d with 20 pi 



BNSDOCtD: <WO. 



.9827230A1_I_> 



wo 98/27230 



FCI7DS97724239 



79 

fysis buffer I (100 mM Tris-CL pH 7.8, 5% Triton X-100, 10 mM DTT, 10 mM EDTA. 2 mg/ml 
Polymyxin B sulfate). After shaking, the reaction mixture was froz n for 1 hr. at -70°C and 
thawed after that at room temperature. 60 pi of lysis buffer II (100 mM Tris-CI pH 7.8, 
0.25U/|jl DNAsel, 1.5 mg/ml hen egg lysozyme, 40 mM MgS04) were added and the lysis 
5 mixture was incubated for 30 min at room temperature. Aliquots of the lysates were 

incubated for 30 min at various temperatures between 30°C and 42''C. In addition, aliquots 
were left al RT for several days. The ludferase activity of 5 ^ of the staruianl iysate and the 
heat treaterf fysates were measured usfng 50 \A complete assa y buffer (20 mM Tris-Q pH 7.8 
5 mM MgS04, 0.5 mM ATP, 0.5 mM Coenzyme A, 0.5 mM D-Ludferin, 5 mM DTT) in a 

10 Topcount lumtnometer. Several dones showed an increase in residual adivity after heat 
treatment and when left at RT for several days. One done showed an increase in ludferase 
adivity of 5-fold over Luciola mingrelica wildtype clone in E coli extracts when treated for 30 
minutes at 39 °C. After 4 days incubation at RT, the same clone showed ten-fold more 
adivity than wild-type L Mingrelica ludferase that had been treated identically. In addition, 

15 this done showed a significant increase (2-fold) in adivity over wild-type when grown at 
37X. 

These results demonstrate the evolution of a ludferase with improved stability 
relative to parental donor molecular substrates. 

Although the foregoing invention has been described in some detail by way of 
20 illustration and example for purposes of darity of understanding, it will be obvious that certain 
changes and modifications may be pradiced within the scope of the appended daims. 

All references dted herein are expressly incorporated in their entirety for all 

purposes. 



BNSDCCID: <WO_9827230A1_L> 



wo 98/27230 



PCT/US97/24239 



80 

WHAT IS CLAIMED IS : 

1 1 . A method for evolving a protein encoded by a DNA substrate molecule 

2 comprising: 

3 (a) digesting at least a first and second DNA substrate molecule, wherein the 

4 at least a first and second substrate molecules differ from each other in at least one 

5 nucleotide, with a restriction ertdonudeasa; . 

6 (b) ligating the mixtune to generate a library of recombinant DNA mdfecules; 

7 (c) screening or selecting the products of (b) for a desired property; and 

8 (d) recovering a recombinant DNA substrate molecule encoding an evolved 

9 protein. 

1 2, The method of claim 1 , wherein the restriction endonuclease 

2 generates non-palindromic ends at cleavage sites. 

1 3. The method of claim 1. wherein the substrate molecules have been 

2 engineered to contain at least one recognition site for a restriction endonuclease having non- 

3 palindromic ends at cleavage sites. 

1 4. The method of ciaim 1 , wherein (a) - (d) are repeated at least once. 

1 5. The method of claim 1 . wherein the DNA substrate molecule 

2 comprises a gene cluster. 

6: The method of claim 1, wherein at test one restriction endonuclease 

2 fragment from a DNA substrate molecule is isolated and subjected to mutagenesis to 

3 generate a Rbrary of mutant fragments. 

1 7. The method of step 6, wherein the library of mutant fragments is used 

2 in the figation of (b). 

1 8. The method of claim 7. wherein the DNA substrate molecule encodes 

2 all or part of a protein selected from Table I. 

1 9. The method of claim 6, wherein mutagenesis compris s recursiv 

2 sequence recombination. 
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1 10. The method of claim 1, wherein the products of (d) are subjected to 

2 mutagenesis. 

1 11. The method of claim 10. wherein mutagenesis comprises recursive 

2 sequence recombination. 

1 , 12. The method of daim 1. wherein the products of (d) are used as a DNA 

2 substrate molecule in (b). 

1 13. The method of claim 10, wherein the products of claim 10 are used in 

2 (d). 

1 14. The method of daim 1, wherein the recombinant DNA substrate 

2 molecule of (d) comprises a library of recombinant DHA substrate molecules. 

1 1 5. An evolved protein produced by the method of daim 1 . 

1 16. A method for evolving a protein encoded by a DNA substrate molecule 

2 by recombining at least a first and second DNA substrate molecule, wherein the at least a 

3 first and second substrate molecules differ from each other in at least one nudeotide and 

4 comprise defined segments, the method comprising: 

5 (a) providing a set of oligonudeotide PGR primers, comprising at least one 

6 primer for each strand of each segment, wherein the primer sequence is complOTentary to 

7 at least one junction with another segment; 

8 (b) amplifying the segments of the at least a first and second DNA substrate 

9 molecules vvith the primers of step (a) in a polymerase diamreactrorr; 

10 (c) assembling the products of step (b) to generate a library of recombinant 

1 1 DNA substrate molecules; 

12 (d) screening or selecting the produds of (c) for a desired property; and 

13 (e) recovering a recombinant DNA substrate molecule from (d) encoding an 

14 evolved protein. 

1 17. The method of daim 16, wherein the at least a first and second DNA 

2 substrate mol cules are subjeded to mutagenesis prior to step (a). 
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1 18. The method of claim 16. wherein the at least a first and second DNA 

2 substrate molecules compris alleles of a gene. 

1 19. The method of claim 16. wherein the at least a first and second DNA 

2 substrate molecules comprise a library of mutants. 

1 20. The method of claim 16, wherein the segments are defined by sites 

2 wrffrin intergenic regions. 

1 21 . The method of claim 16. wherein the segments are defined by sites 

2 within introns. 

1 22. The method of claim 16, wherein the primers comprise a uracil 

2 substitution at one or more thymidine residues. 

1 23. The method of claim 22, wherein the products of (b) are treated with 

2 uracil glycosylase. 

1 24. The method of daim 16, wherein (a) - (e) are repeated at least once. 

1 25. The method of claim 16, wherein the at least a first and second DNA 

2 substrate molecule comprises a gene cluster. 

1 26. The method of daim^16, wheren the at least first and second DNA 

2 substrate mdrailaencodes all or part of a DNA polymerase- r v 

1 27. The method of daim t6, whereirT at least one PGR primer differs from 

2 the at least a first and second DNA substrate molecules in at least one nucleotide. 

1 28. The method of daim 27, wherein the PGR primer comprises a 

2 nudeotide sequence of a known mutant or polymorphism of the at least a first or second 

3 DNA substrate molecule. 

1 29. The method of claim 28, wherein the PGR primer comprises a set of 

2 d generate prim rs which encod th nudeotide sequences of more than on known mutant 

3 or polymorphism of the at least a first or second DNA substrate molecule. 
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1 30. The method of claim 29, wherein the at least a first and second DMA 

2 substrat molecule encodes ail or part of a protein selected from Table I. 

1 31. The method of claim 17, wherein mutagenesis comprises recursive 

2 sequence recombination. 

1 32. The method of claim 16, wherein the products of (e) are subjected to 

2 mutagerresrs. 

1 33. The method of claim 32, wherein mutagenesis comprises recursive 

2 sequence recombination. 

1 34. The method of claim 32, wherein the products of claim 32 are used in 

2 (b). 

1 35. The method of claim 16, wherein the products of (e) are used as a 

2 DMA substrate molecule in (b). 

1 36. The method of claim 16, wherein the recombinant ONA substrate 

2 molecule of (e) comprises a library of recombinant DMA substrate molecules. 

1 37. An evolved protein produced by the method of claim 16. 

1 38. A method of enriching a population of DMA fragments for mutant ^ 

2 sequences Gomprising: 

3 (a) denaturing and renaturing the population of fragments to generate a^ 

4 population of hybrid double-stranded fragments in which at least one doubted-stranded 

5 fragment comprises at least one base pair mismatch; 

6 (b) fragmenting the products of (a) into fragments of about 20-100 bp; 

7 (c) affinity-purifying fragments having a mismatch on an affinity matrix to 

8 generate a pool of DNA fragments enriched for mutant sequences; and 

9 (d) assembling the products of (c) to generate a library of recombinant DNA 
10 substrate molecules. 

1 39. The method of claim 38, wherein the population of DMA fragments is 

2 deriv d from at least a first and second DNA substrat mol cule, the at least a first and 

3 s cond DNA substrate mol culediff ring from each other in at I astdn iwcieotide.- 
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1 40. Th m thod of claim 39, wher in the at least a first and second DNA 

2 substrat mo! cules are obtained by mutagenesis of a DNA substrate molecule. 

1 41 . The method of claim 39, wherein the at least a first and second DNA 

2 substrate molecules comprises alleles of a gene. 

1 42. The methocf of daim^S. wherein the at least a first and secontf DNA ' 

2 substrate molecules comprises polymorphic variants of a gene. 

1 43. The method of claim 38. wherein the DNA substrate molecule 

2 encodes all or part of a protein selected from Table I. 

1 44. The method of claim 38, wherein the products of (c) are mixed with 

2 the products of (a) prior to (d). 

1 45. A method for evolving a protein encoded by a DNA substrate 

2 molecule, the method comprising recombining at least a first and second DNA substrate 

3 molecule, wherein the at least a first and second substrate molecules share a region of 

4 sequence homology of about 10 to 100 base pairs and comprise defined segments, the 

5 method comprising: 

6 (a) providing regions of homology in the at least a first and second DNA 

7 substrate molecules by inserting an intcon sequence between at least two defined segments; 

8 (b) fragnrenting and recomtrining DNA substrate molecules of (a), wherein 

9 regiOTS of homology are provkied by the mtron^^ 

10 (c) screening or selecting the products of (b) for a desired prcqaerty; and ^ 

1 1 (d) recovering a recombinant DNA substrate molecule from the products of (c) 

12 encoding an evolved protein. 

1 46. The method of claim 45. wherein the introns are self-splidng. 

1 47. The method of claim 45. wherein the inserted introns comprise from 

2 about 1 to about 10 nonhomologous introns. 

1 48. Th m thod of claim 45. wherein the intron comprises a recognition 

2 sit for a r striction endonucleases having non-palindromic ends at cleavage sites. 
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1 49. The method of claim 45, wherein (b) - (d) are repeated at least once. 

1 50. The method of claim 45, wherein the DNA substrate molecule 

2 comprises a gene cluster. 

1 51 . The method of claim 45, wherein at least one segment from a DNA 

2 substrate molecule is isolated and subjected to mutagenesis to generate a library of mutant 

3 fragments'. 

1 52. The method of claim 51 . wherein the library of mutant segments is 

2 used in the recombination of (b). 

1 53. The method of claim 45. wherein the segments are defined by exons. 

1 54. The method of claim 45. wherein the segments are defined by 

2 intergenic regions. 

1 55. The method of claim 45. wherein the at least a first and second DNA 

2 substrate molecules encode protein homologues. 

1 56. The method of claim 45. wherein the intron contains a lox site, and 

2 wherein the products of (b) are used to transfect a Cre* host. 

1 57. The method of cUum 45, wherein the at least a first and second DNA ■ 

2 substrate nrrdeculeerioadesaU or part of a protein selected from Table L 

1 58. The method of claim 45. wherein the at least a first and second DNA 

2 substrate molecule are subjected to mutagenesis prior to step (a). 

1 59. The method of claim 58. wherein the mutagenesis comprises 

2 recursive sequence recombination. 

1 60. The method of claim 45, wherein the products of (d) are subjected to 

2 mutagenesis. 

1 61. Th method of claim 58, wherein th mutagenesis comprises 

2 recursiv sequ nee recombination. ■■ 
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1 62. Th method of claim 45. wherein the products of (d) are used as a 

2 DNA substrat molecule in (b). 

1 63. The method of claim 45, wherein the recombinant DNA substrate 

2 molecule of (d) comprises a library of recombinant DNA substrate molecules. 

1 64. An evolved prutefn pruduced by the method of damrr 45. " 

1 65. A method for evolving a protein encoded by a DMA substrate molecule 

2 by recombining at least a first and second DNA substrate molecule, wherein the at least a 

3 first and second substrate molecules differ from each other in at least one nucleotide and 

4 comprise defined segments, the method comprising: 

5 (a) providing a set of oligonucleotide PGR primers, wherein for each junction 

6 of segments a pair of primers is provided, one member of each pair bridging the junction at 

7 one end of a segment and the other bridging the junction at the other end of the segment, 

8 with the terminal ends of the DNA molecule having as one member of the pair a generic 

9 primer, and wherein a set of primers is provided for each of the at least a first and second 

10 substrate molecules; 

1 1 (b) amplifying the segments of the at least a first and second DNA substrate 

12 molecules with the primers of (a) in a polymerase chain reaction; 

13 (c) assembling the products of (b) to generate a pool of recombinant DNA 

14 molecules; . 

15 (d) selecting or screenrng the products of (c^ for a desired {vc^^erty; sid 

16 (^ recovering a recombinant DNA substrate moleaile from the products of (cO 

17 encoding an evolved protein. 

1 66. The method of claim 65, wherein (a) - (e) is repeated at least once. 

1 67. The method of claim 65, wherein the at least a first and second DNA 

2 substrate molecule are subjected to mutagenesis prior to (a). 

1 68. The method of claim 65, wherein the at least a first and second DNA 

2 substrate molecule comprise sequences encoding protein homologues. 

1 69. The method of claim 65, wh rein th primers compris a uracil 

2 substitution at on or more thymidin residues. ^ ' 
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1 70. The method of claim 69, wherein the products of (b) are treated with 

2 uracil glycosylase. 

1 71 . The method of claim 65. wherein the at least a first and second DNA 

2 substrate molecule encodes ail or part of a protein selected from Table I. 

1 72. The method of daim 65, wherein the at least a first and second DNA 

2 substrate molecule comprises a gene cluster. 

1 73. An evolved protein produced by the method of claim 65. 

1 74. The method of claim 65. wherein at least one PGR primer differs from 

2 the at least a first and second substrate molecules in at least one nucleotide. 

1 75. The method of daim 74. wherein the PGR primer comprises a 

2 nudeotide sequence of a known mutant or polymorphism of the at least a first or second 

3 substrate molecule. 

1 76. The method of daim 75, wherein the PGR primer is degenerate and 

2 encodes the nucleotide sequences of more than one known mutant or polymorphism of the 

3 at least a first or second substrate molecule. 

1 , 77- ' The method of daim 67, wheran mutagenesis comprises recurshre 

2 sequence fbcoi t dui idUon. 

1 78. The method of daim 65. wherein the products of (e) are subjected to 

2 mutagenesis. " 

1 79. The method of daim 78, wherein mutagenesis comprises recursh^e 

2 sequence recombination. 

1 80. The method of daim 65, wherein the products of (e) are used as a 

2 DNA substrate molecule in (b). 

1 81 . The method of claim 65, wherein the recombinant DNA substrat 

2 molecule of ( )compris s a library of recombinant DNA substrat moIS^SRS^. 
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1 82. A method for optimizing expression of a protein by evolving the 

2 protein, wherein the protein is encoded by a DMA substrate molecule, comprising: 

3 (a) providing a set of oligonucleotides, wherein each oligonucleotide 

4 comprises at least two regions complementary to the DMA molecule and at least one 

5 degenerate region, each degenerate region encoding a region of an amino acid sequence of 

6 thepratein; 

7 (b) assembling the set of otrgonudeotides into a (fbrary of fuff fength genes; 

8 (c) expressing the products of (b) in a host cell; 

9 (d) screening the products of (c) for improved expression of the protein; and 
^0 (®) recovering a recombinant DMA substrate molecule encoding an evolved 
1 1 protein from (d). 

1 83. The method of claim 82, wherein the primers comprise about 20 

2 nucleotides complementary to the DNA substrate molecule followed by a second region of 

3 about 20 degenerate nucleotides of homology with the DfiA substrate molecules followed by 

4 about 20 nucleotides complementary to the DNA substrate. 

1 84. The method of claim 82, wherein the protein is bovine intestinal 

2 alkaline phosphatase. 

1 85. The method of claim 84. wherein the oligonucleotides comprise one or 

2 more p rimars ff c m i Table II. : 

1 8S; The method of dainr 82.^ vrfrerein the-DNA substrate molecute 

2 ericodes allorpartof a protein selected from TaWe L 

^ 87, The method of claim 82. wherein the DNA molecule comprises a gene 

2 cluster. 

1 88. The method of claim 82, wherein (a) - (e) are repeated at least once. 

1 89. The method of claim 82, wherein the oligonucleotides comprise at 

2 least 5* and 3* nucleotide complementary to the DNA substrate molecule and about 20-300 

3 nuci otides having up to about 85% sequence homology with a r gion of th DNA substrat 

4 molecule. 
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1 90. The method of claim 89, wherein the oligonucleotides comprise a set 

2 of oligonucleotides in which each oligonucleotide overiaps with a second oligonucleotide. 

1 91 . The method of claim 82. wherein the products of (e) are subjected to 

2 mutagenesis. 

1 92. The method of ciaim 91 , wherein mutagenesis coniprises recursive 

2 sequence recombination. 

1 93. The method of claim 82, wherein the recombinant DNA substrate 

2 molecule of (e) comprises a library of recombinant DNA substrate molecules. 

1 94. An evolved protein produced by the method of claim 82. 



1 : 95. A method for optimizing expression of a protein encoded by a DNA 

2 substrate molecule by evolving the protein, wherein the DNA substrate molecule comprises 

3 at least one lac operator and a fusion of a DNA sequence encoding the protein with a DNA 

4 sequence encoding a lac headpiece dimer, the method comprising: 

5 (a) transforming a host cell with a library of mutagenized DNA substrate 

6 molecules; 

7 (b) inducing expression of the protein encoded by the library of (a); 

8 (c) preparing an extract of the product of (b); 

9 (d) fractionating insoluble protein from complexes of soluble protein and DNA; 

10 and 

11 (e> recovering a DNA substrate molecule encodirtg an evohred protsn frum^ 

12 (CO. 

1 96. The method of claim 95, wherein (a) - (e) are repeated at least once. 

1 97. The method of claim 95, wherein the DNA substrate molecule 

2 encodes all or part of a protein selected from Table I. 

1 98. An evolved protein produced by the method of claim 95. 

1 99. Th method of claim 95, wherein th products of (e) are subj cted to 

2 mutagenesis. 
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1 100. The method of claim 99, wherein mutagenesis comprises recursiv 

2 sequence recombination. 

1 101. The method of claim 95. wherein the products of (e) are used as a 

2 DNA substrate molecule in (a). 

1 102. The methodof claim 95, wherein the recombinant QNA substrate 

2 molecufe of (e) comprises a library of recombinant UNA substrate motecufes. 

1 103. A method for evolving functional expression of a protein encoded by a 

2 DNA substrate molecule comprising a fusion of a DNA sequence encoding the protein v^th a 

3 DNA sequence encoding filamentous phage protein to generate a fusion protein, the method 

4 comprising: 

5 (a) providing a host cell producing infectious particles expressing a fusion 

6 protein encoded by a library of mutagenized DNA substrate molecules; 

7 (b) recovering from (a) infectious particles displaying the fusion protein; 

8 (c) affinity purifying particles displaying the mutant protein using a ligand for 

9 the protein; and 

10 (d) recovering a DNA substrate molecule encoding an evolved protein from 

1 1 affinity purified particles of (c). 

1 104. The method of claim 103, wherein (a) - (d) are repeated at least once. 

1 105. The method of daim 103, wherein the DNA substrate molecuie 

2 encodes all or part of a protein selected from Table I. 

1 106. An evolved protein produced by the method of claim 103. 

1 107. The method of claim 103, wherein the products of (d) are subjected to 

2 mutagenesis. 

1 108. The method of claim 107, wherein mutagenesis comprises recursive 

2 sequence recombination. 

1 109. The method of claim 107, wh rein the products of claim 107 are used 

2 as a DNA substrate molecule in (a). 
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1 110. The method of claim 103, wherein the DMA substrate molecule of ( ) 

2 comprises a library of DNA substrate molecules. 

1 111. The method of claim 1 03, wherein DNA sequence encoding the 

2 filamentous phage protein comprises a phagemid. 

1 112. The method of claim 103, wherein DNA sequence encoding the 

2 filamentous phage protein compnses 3 phage. 

1 1 13. A method for optimizing expression of a protein encoded by a DNA 

2 substrate molecule comprising a fusion of a DNA sequence encoding the protein vvith a DNA 

3 substrate encoding a lac headpiece dimer, wherein the DNA substrate molecule is present 

4 on a first plasmid vector, the method comprising: 

5 (a) providing a host cell transformed with the first vector and a second vector 

6 comprising a library of mutants of at least one chaperonin geneand at least one lac operator, 

7 (b) preparing an extract of the product of (a); 

8 (c) fractionating insoluble protein from complexes of soluble protein and DNA; 

9 and 

10 (d) recovering DNA encoding a chaperonin gene from (c). 

1 1 14. The method of claim 113, wherein the DNA substrate molecule 

2 encodes all or part of a protein selected from Table I. 

1 115, The method of daim 113, wherein the DNA substrate is subjected to 

2 mutagenesrs independently of the chaperonin gene prior to (a). 

1 116. The irrethodofdaim 113, whereffT the DNA of (cO comprises a Iflira^ 

2 of mutants: : , 

1 117. The method of claim 113, wherein the first and second vectors are the 

2 same vector 

1 118. The method of claim 1 13, wherein (d) further comprises recovering an 

2 evolved DNA substrate molecule from the products of (c). 

1 1 1 9. An evolved chaperonin produced by the method of claim 113, 
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120. An evolved protein produced by the method of claim 113. 

121. The method of claim 113, wherein (a) - (d) are repeated at least once. 

122. The method of claim 113. wherein the products of (d) are subjected to 

mutagenesis. 

123. The method of daim t22, wherein mutagenesis comprises recuirsive 
sequence recombination. 

124. The method of daim 122, wherein the products of daim 122 are used 

in (a). 

125. A method for optimizing expression of a protein encoded by a DI^IA 
substrate molecule comprising a fusion of a DNA sequence encoding the protein with a 
filamentous phage gene, wherein the fusion is carried on a phagemid comprising a library of 
chaperonin gene mutants, the method comprising: 

(a) providing a host cell produdng infectious partides expressing a fusion 
protein encoded by a library of mutagenized DNA substrate molecules; 

(b) recovering from (a) infectious partides displaying the fusion protein; 

(c) affinity purifying partides displaying the protein using a ligand for the 

protein; and 

(d) recovering DNA encoding the mutant chaperonin from affinity purifi^ 
particles of (c). - 

126. ' The method of daim 125, wherein (a) - (d) are repeated at least once. 

127. The method of daim 125, wherein the DNA substrate molecule 
encodes all or part of a protein selected from Table I. 

128. An evolved chaperonin produced by the method of daim 125. 

129. An evolved protein produced by the method of daim 125. 

130. Th method of daim 125, wherein the products of (d) are subject d to 

mutagenesis. 
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1 131. Th method of claim 130, wherein mutagen sis comprises recursiv 

2 sequ nee recombination. 

1 1 32. The method of claim 1 30. wherein the products of claim 1 30 are used 

2 in (a). 

1 1 33. The method of claim 125, wherein the DMA of (d) comprises a library 

2 of EJNA substrate molecules. 

1 134. The method of claim 125, wherein the DNA substrate molecule 

2 comprises a library of mutagenized DNA sequences encoding the protein of interest. 

1 135. The method of claim 125. wherein (d) further comprises recovering 

2 DNA encoding the protein from affinity purified particles of (c). 

1 136. A method for optimizing secretion of a protein in a host by evolving a 

2 gene encoding a secretory function, comprising: 

3 (a) providing a duster of genes encoding secretory functions; 

4 (b) recombining at least a first and second sequence in the gene cluster of (a) 

5 encoding a secretory function, the at least a first and second sequences differing from each 

6 other in at least one nucleotide, to generate a library of recombinant sequences; 

7 (c) transfomning a host cell culture with the products of (b), wherein the host 

8 cell comprises a DNA sequence encoding the protein; 

9 (d) subjecting the product of (c) to screening cr selection for secretion of the 
10 protein; artd : 

^ 1 (e) recovering DNA encoding an evohr ed gene encoding a secretory functian 

12 frorn the product of (d). 

1 137. The method of claim 136. wherein the gerie cluster comprises at least 

2 one recognition site for a restriction endonuclease having nonpalindromic ends at the 

3 cleavage site. 

1 138. The method of claim 136, wherein the host is E. colL, yeast. Bacillus, 

2 Pseudomonas, or a mammalian cell. 
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1 139. The method of daim 136, wh rein the protein is a thermostable DNA 

2 polymeras . 

1 140. The method of claim 136, wherein protein is indudbly expressed. 

1 141. The method of daim 136. wherein the protein is linked to a secretory 

2 leader sequence. 

1 142. A secretory gene evolved by the method of daim 136. 

1 * 143. The method of daim 136. wherein (a) - (e) are repeated at least once. 

1 144. The method of claim 136, wherein the DNA sequence of (c) encodes 

2 all or part of a protein selected from Table I. 

1 145. The method of daim 136, wherein the DNA sequence of (c) comprises 

2 a library of mutant sequences. 

1 146. The method of claim 136, wherein the products of (e) are subjected to 

2 mutagenesis. 

1 147. The method of daim 146, wherein mutagenesis comprises recursive 

2 sequence recombination. 

1 148. The method of dam 146, whereffi the products of daior 146 are used^^ 

2- in(a).L 

1 149. The method of daim 136, wherein the DNA of (e) comprises a library 

2 of evolved genes. , 

1 150. A method for evoh^ing an improved DNA polymerase comprising: 

2 (a) providing a library of mutant DNA substrate molecules encoding mutant 

3 DNA polymerase; 

4 (b) screening extrads of cells transfected with (a) and comparing adivity with 

5 wild type DNA polymerase; 

6 (c) recovering mutant DNA substrate molecul s from cells in (b) xpressing 

7 mutant DNA polymerase having improved adivity over wild-typ DNA polyrrieras ; arid 



BNSCXXID: <WO eag7S3QA1 I > 



wo 98/27230 



PCT/US!r7724239 _ 



95 

8 (d) recovering a DMA substrate molecule encoding an evolv d polymerase 

9 from the products of (c). 

1 151. The method of claim 1 50, wherein the improved activity is at least one 

2 of the group of higher quality sequencing ladder, less termination of reactions wih inosine, 

3 improve acceptance of base analogs, improved acceptance of dideoxy nucleotides, and 

4 longer sequencing ladders. 

1 152. The method of claim 150. wherein the products of (a) are expressed 

2 under control of arabinose promoter in an E. coii host having a mutant host DMA polymerase. 

1 153. The method of claim 150. wherein (a) - (d) are repeated at least once. 

1 154. An evolved DMA polymerase produced by the method of claim 150. 

1 155. The method of claim 150, wherein the products of (d) are subjected to 

2 mutagenesis. 

1 156. The method of claim 155, wherein mutagenesis comprises recursive 

2 sequence recombination. 

1 157. The method of claim 155. wherein the products of claim 155 are used 

2 in (a). 

1 15a, The method of datnitSO. wherein the ONA substrate molecule b^^ 

2 . comprises a library of DMA substrate molecules. : ' 

1 159. A method for evolving a DMA polymerase with an error rate greater 

2 than that of wild type DNA polymerase comprising; 

3 (a) providing a library of mutant DNA substrate molecules encoding mutant 

4 DNA polymerase in a host cell comprising an indicator gene having a revertible mutation, 

5 wherein the indicator gene is replicated by the mutant DNA polymerase; 

6 (b) screening the products of (a) for revertants of the indicator gene; 

7 (c) recovering mutant DNA substrate molecules from revertants; and 

8 (d) recov ring a DNA substrate molecul needing an volved polymerase 

9 from the products of (c). 
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1 160. Th method of claim 159. wherein the indicator gene is LacZalpha or 

2 GFP. 

1 161 . The method of claim 159 wherein the revertible mutation is a stop 

2 codon. 

1 162. The method of dakn 159, wherein the host cell comprises a mutant 

2 host DMA pofymerase. 

1 163. A method for evolving a DMA polymerase, comprising: 

2 (a) providing a library of mutant DNA substrate molecules encoding mutant 

3 DMA polymerase, the library comprising a plasmid vector; 

4 (b) preparing plasmid preparations and extracts of host cells transfected with 

5 the products of (a); 

6 (c) amplifying each plasmid preparation in a PGR reaction using the mutant 

7 polymerase encoded by that plasmid, the polymerase being present in the host cell extract; 

8 (d) recovering the PGR products of (c); and 

9 (e) recovering a DNA substrate molecule encoding an evolved polymerase 
10 from the products of (d). 

1 164. The method of claim 163. wherein the reaction of (c) is carried out in 

2 the presence of an organic solvent, a base analog, or inosine. 

1 165. The method of daim 163, vtrherem (a) - (e) are repeated at least once. 

1 1661 An evolved polymerase produced by the method of claim 163. ' 

1 167. The method of claim 163. wherein the products of (e) are subjected to 

2 mutagenesis. 

1 168. The method of daim 167, v\/herein mutagenesis comprises recursive 

2 sequence recombination. 

1 169. The method of claim 167, wherein the products of daim 167 are used 

2 in (a). 
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1 170. The method of claim 163, wherein the DMA substrate molecule of (e) 

2 comprises a library of DNA substrate molecules. 

1 171 . A method for evolving a p-nitrophenoi phosphonatase from a 

2 phosphonatase encoded by a DNA substrate molecule, comprising: 

3 (a) providing library of mutants of the DNA substrate molecule, the library 

4 comprising a plasmid expression vector^ 

5 (b) transfecting a host, wherein the host phn operon is deletecf; 

6 (c) selecting for growth of the transfectants of (b) using a p-nitrophenol 

7 phosphonatase as a substrate; 

8 (d) recovering the DNA substrate molecules from transfectants selected from 

9 (c); and 

10 (e) recovering a DNA substrate molecule from (d) encoding an evolved 

11 phosphonatase. 

1 172. The method of claim 171, wherein (a) - (e) are repeated at least once. 

1 173. The method of daim 171, wherein the phosphonatase is selected from 

2 the group consisting of beta-lactamase and aikyi phosphonatase. 

1 174. An evolved p-nitrophenol phosphonatase produced by the method of 

2 daim 173. 

1 175. The method of daim 171, wherein the products of (e) are subjected to 

2 mutagenesis. . . 

1 176. The method of daim 175, wherein mutagenesis comprises recursive ~ 

2 sequence recombination. 

1 177. The method of daim 175, wherein the products of daim 175 are used 

2 in (a). 

1 178. The method of daim 171, wherein the DNA substrate molecule of (e) 

2 comprises a library of DNA substrate molecules. 

1 179. A method for evolving a protease encoded by a DNA substrate 

2 molecule comprising: ^ ' 
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3 (a) providing library of mutants of the DNA substrate molecule, the library 

4 comprising a plasmid expression vector, wherein the DNA substrat molecule is linked to a 

5 s cretory leader; 

6 (b) transfecting a host; 

7 (c) selecting for growth of the transfectants of (b) on a complex protein 

8 medium; and 

9 (d) recovering a QNA substrate cnoiecule from (c) encodina an evolved 
10 protease. 

1 180. The method of claim 179. wherein (a) - (d) are repeated at least once. 

1 181. An evoh^ed subtilisin produced by the method of claim 179. 

1 182. The method of daim 179. wherein the products of (d) are subjected to 

2 mutagenesis. 

1 183. The method of daim 182. wherein mutagenesis comprises recursive 

2 sequence recombination. 

1 184. The method of daim 182, wherein the products of daim 184 are used 

2 in (a). 

1 185, The method of daim 179. wherein the DNA substrate molecule of (d) 

2 comprises a fibray of DNA substrate nruiteailes. v 

1 186. The method of daim 179, vvher^ the protease is a subtSsiri./ 

1 187. A method for screening a library of protease mutants displayed on a 

2 phage to obtain an improved protease, wherein a DNA substrate molecule encoding the 

3 protease Is fused to DNA encoding a filamentous phage protein to generate a fusion protein, 

4 comprising: 

5 (a) providing host cells expressing the fusion protein; 

6 (b) overiaying host cells with a protein net to entrap the phage; 

7 (c) washing the product of (b) to recover phage liberated by digestion of the 

8 protein n t; 

9 (d) recovering DNA from the product of (c); and 

10 ( ) recovering a DNA substrate from (d) needing an improv J protease. 



BNSOOCID: <WO_9a27230Al_L> 



wo ^7230 



PCI7DS97y24239 



99 



1 188. Th method of claim 187. wherein (a) - (e) are repeated at least once. 

1 189. An evolved protease produced by the method of claim 187. 

1 190. The method of claim 187, wherein the products of (e) are subjected to 

2 mutagenesis. 

1 191. The method of claim 1 90. wherein mutagenesis comprises recursive 

2 sequence recombination. 

1 192. The method of claim 190, wherein the products of claim 190 are used 

2 in (a). 

1 193. The method of claim 187. wherein the DNA substrate molecule of (e) 

2 comprises a library of DlsiA substrate molecules. 

1 194. A method for screening a library of protease mutants to obtain an 

2 improved protease, the method comprising: 

3 (a) providing a library of peptide substrates, the peptide substrate comprising 

4 a fluorophore and a fluorescence quencher; 

5 (b) screening the library of protease mutants for ability to cleave the peptide 

6 substrates, wherein fluorescence is measiffed; and 

7 (c) recovering DNA encoding at teast one protease mutant from (b); 

1 195. A method for evoiving an alpha interferon gene comprising: " ■ 

2 (a) providing a library of mutant alpha interferon genes, the library comprising 

3 a filamentous phage vector; 

4 (b) stimulating cells comprising a reporter construct, the reporter construct 

5 comprising a reporter gene under control of an interferon responsive promoter, and wherein 

6 the reporter gene is GFP; 

7 (c) separating the cells expressing GFP by FACS; 

8 (d) recovering phage from the product of (c); and 

9 (e) recovering an evolved interferon gene from the product of (d). 

1 196. The method of claim 195, wher in the interf ron responsiv promot r 

2 is an MHC I promoter. ^ 
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1 197. Th method of claim 195, wherein (a) - (e) are repeated at least once. 

1 198. An evolved interferon produced by the method of claim 195. 

1 199. The method of claim 195, wherein the products of (e) are subjected to 

2 mutagenesis. 

1 200. The method of claim 199. wherein mutagenesis comprises recursive 

2 sequence recombination. 

1 201 . The method of daim 199, wherein the products of claim 199 are used 

2 in (a). 

1 202. The method of daim 195. wherein the evolved interferon gene of (e) 

2 comprises a library of genes. 

1 203. A method for screening a library of mutants of a DMA substrate 

2 encoding a protein for an evolved DNA substrate, comprising: 

3 (a) providing a library of mutants, the library comprising an expression vedor; 

4 (b) transfeding a mammalian host cell with the library of (a), wherein mutant 

5 protein is expressed on the surface of the cell; 

6 (c) screening or selecting the products of (b) with a ligand for the protein; 

7 (d) recovering DMA encoding mutant protein from the produds of tc); and 

8 (e) recovering an evolved DNA sutstrat&Jrom the imulucts of (d). 

1 204. The method of daim 203, wherein the figamf is an antibody. 

1 205. The method of daim 203. wherein the ligand is a substrate and the 

2 protein is an enzyme. 

1 206. The method of daim 203. wherein the expression vedor comprises an 

2 SV40 origin and the host cell is a Cos cell. 

1 207. Th method of daim 203, wherein the mutant protein is expressed 

2 transiently. 
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1 208. The method of claim 203, wher in the host cell further comprises 

2 SV40 large T antigen. 

1 209, The method of claim 203, wherein the protein is an antibody. 

1 210. The method of claim 203. wherein (a) - (e) are repeated at least once. 

1 211. The method of dafm Z03, wherein the DMA substrate molecule 

2 encodes all or part of a protein selected from Table I. 

1 212. An evolved protein produced by the method of claim 203. 

1 213. The method of claim 203. wherein the products of (e) are subjected to 

2 mutagenesis. 

1 214. The method of claim 213. wherein mutagenesis comprises recursive 

2 sequence recombination. 

1 21 5. The method of claim 21 3. wherein the products of claim 21 3 are used 

2 in (a). 

1 216. The method of claim 203, wherein the DMA substrate molecule of (e) 

2 comprises a literary of DMA substrate molecules. 

1 2t7. A method for evdving a DNAsutistrate molecule ericacfingan^-^ ' 

2 rnterferon alpha, oamprising: . - . 

3 (a) providing a library of mutant afptra rrrterfsron genes; the library comprising 

4 an expression vector wherein the alpha interferon genes are expressed under the control of 

5 an inducible promoter; 

6 (b) transfecting host cells with the library of (a); 

7 (c) contacting the product of (b) with a virus; 

8 (d) recovering DMA encoding a mutant alpha interferon from host cells 

9 surviving step (c); and 

10 (e) recovering an evolved interferon gene from the product of (d). 

1 218. The method of claim 217, wherein the promoter is a metallothion in 

2 promoter. ^ " " "'- 
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1 219. The method of claim 217. wh rein the virus is HIV. 

1 220. The method of claim 217. wherein the virus further comprises a 

2 conditionally lethal gene. 

1 221. Themethodof claim 217, wherein the conditionalt^ 

2 tfiymidfrre kinase. 

1 222. The method of claim 217, wherein the transfected cells are exposed to 

2 conditionally lethal selective conditions. 

1 223. The method of claim 217, wherein (a) - (e) are repeated at least once. 

1 224. An evolved interferon alpha produced by the method of claim 217. 

1 225. The method of claim 217. wherein the products of (e) are subjected to 

2 mutagenesis. 

1 226. The method of daim 225, wherein mutagenesis comprises recursive 

2 sequence recombination. 

1 227. The method of claim 225. wherein the products of claim 2ia are used 

2 in (a). 

1 228. The method of dahn 217, wherein the DNA substrate molecuie of (e) 

2 comprise a Bbrary of DNA substrate^molecutes. 

1 229. A method for evolving the serum stability or circulation half-life of a 

2 protein encoded by a DNA substrate mofecule. the DNA substrate molecule comprising a 

3 fusion of a DNA sequence encoding the protein with a DNA sequence encoding a 

4 filamentous phage protein to generate a fusion protein, the method comprising: 

5 (a) providing a host cell expressing a library of mutants of the fusion protein; 

6 (b) affinity purifying the mutants vwth a ligand for the protein, wherein the 

7 ligand is a human serum protein, tissu sp cific prot in, or receptor; 

8 (c) recovering DNA encoding a mutant protein from th affinity s iected 

9 mutants of (b); and ~ ' ■ 
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10 (d) recovering an evolved gene encoding the protein from the product of (c). 

1 230. The method of claim 229, wherein the serum protein is serum 

2 albumin, immunoglobulin, lipoprotein, haptoglobin, fibrinogen, transferrin, alpha-1 anti- 

3 trypsin, alpha -2 macroglobulin, or an interferon. 

1 231 . The method ol claim 229, wherein the DNA sequence encoding the 

2 fHamerrfous phage protein comprises a pfrage. 

1 232. The method of claim 229, v^erein the DNA sequence encoding the 

2 filamentous phage protein comprises a phagemid. 

1 233. The method of claim 229, wherein the products of step (a) are 

2 derivitized with a half-life extending moiety. 

1 234. The method of claim 229, wherein the moiety is polyethylene glycol. 

1 235. The method of claim 229, v^erein the DNA substrate molecule 

2 comprises a fusion of nucleic add encoding the protein with nucleic acid encoding an epitope 

3 tag. 

1 236. The method of claim 235, wherein the products of (a) are contacted 

2 with a protease prior to (b). 

1 237. The method of daim 235; wherein the ligand is an antibocfy specific for 

2 the epitope tag. 

1 238. The method of daim 229, wherein the protein is selected from Table I. 

1 239. The method of daim 229, wherein the products of (a) are subjected to 

2 heat, metal ions, non-physiological pH, lyophilization, or freeze-thawing before (b). 

1 240. The method of daim 229, wherein (a) - (e) are repeated at least once. 

1 241. An y/oW d alpha interferon produced by the method of daim 229. 
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1 242. The method of claim 229. wherein the products of (d) are subjected to 

2 mutagenesis. 

1 243. The method of claim 242, wherein mutagenesis comprises recursive 

2 sequence recombination. 

1 244. The method of daim 242^ wherein the products of cl^^ 

2 in (a). 

1 245. The method of claim 229, wherein the evolved gene of (d) comprises 

2 a library of DNA substrate molecules. 

1 246. A method for evolving a protein having at least two subunits. 

2 comprising: 

3 (a) providing a library of mutant DNA substrate molecules for each subunit; 

4 (b) recombining the libraries into a library of single chain constructs of the 

5 protein, the single chain construct comprising a DNA substrate molecule encoding each 

6 subunit sequence, the subunit sequence being linked by a linker at a nucleic acid sequence 

7 encoding the amino terminus of one subunit to a nucleic acid sequence encoding the 

8 carboxy terminus of a second subunit; 

9 (c) screening or selecting the products of (b), 

10 (d) recovering recombinant single chain construct DNA substrate molecules 

11 from the products of (c); 

12 (e) subjecting the prodi^ of (d) to mutagenesis; and 

13 (0 recovering an evolved stngte chain jconstruct DMA substrate nrtolecule from'" 

14 (e). 

1 247. The method of claim 246, wherein the products of (b) are displayed on 

2 a phage. 

1 248. The method of daim 246. wherein the protein is selected from Table I. 

1 249. The method of daim 246. wherein (a) - (f) are repeated at least once. 

1 250. An volved protein produced by th method of daim 246. 
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1 251 . Th method of claim 246, wherein the products of (f) are subjected to 

2 mutag nesis. 

1 252. The method of claim 246, wherein mutagenesis comprises recursive 

2 sequence recombination. 

i 

1 253. Themethodof claim 246, wherein the products of datm 246 are used 

2 frT(a). 

1 254. The method of claim 246. wherein the evolved DNA substrate 

2 molecule of (f) comprises a library of DNA substrate molecules. 

1 255. A method for evolving the coupling of a mammalian 7-transmembrane 

2 receptor to a yeast signal transduction pathway, comprising: 

3 (a) expressing a library of mammalian G alpha protein mutants in a host 

4 yeast cell, wherein the host cell expresses the mammalian 7-transmembrane receptor and a 

5 reporter gene, the receptor gene geing expressed under control of a yeast pheromone 

6 responsive promoter, 

7 (b) screening or selecting the products of (a) for expression of the 

8 reporter gene in the presence of a ligand for the 7-transmembrance receptor; and 

9 (c) recovering DNA encoding an evoh^ed G alpha protein mutant from 
1 0 screened or selected products of (b). 

1 The nnethod of daim 255, wht^n the prcKtucts of (c) are sut2[ected to 

2 rmitagenesis: 

1 257. The method of clafm255, wherKn mutagenesis comprises recursive ' 

2 sequence recombination. 

1 258. The imethod of claim 255, wherein the products of daim 255 are used 

2 in (a). 

1 259. The method of claim 255, wherein (a) - (c) are repeated at least once. 

1 260. An evolv d G alpha protein produc d by the method of claim 255. 

1 261 . Th method of daim 255. wh rein the reporter gen^lbr ludf erase. 
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1 262. The method of claim 255, wherein the pheromone responsive 

2 promoter is positively regulated by GAL4 and wherein GAL4 is expressed under the control 

3 of a pheromone sensitive, GAL4 enhanced promoter. 

1 263. A method for recombining at least a first and second DNA substrate 

2 molecule^ comprising: . 

3 (a) tran^iecting a host ceH with at le^ a first and secorTct DNA siAstrate 

4 molecule wherein the at least a first and second DNA substrate molecules are recombined in 

5 the host cell; 

6 (b) screening or selecting the products of (a) for a desired property; and 

7 (c) recovering recombinant DNA substrate molecules from (b). 

1 264. The method of claim 263, wherein the products of (c) are subjected to 

2 mutagenesis. 

1 265. The method of claim 264, wherein the mutagenesis 

2 comprises recursive sequence recombination. 

1 266. The method of claim 263. wherein (a) - (c) are repeated at least once. 

1 267. The method of claim 263, wherein the products of claim 263 are used 

2 in (a). 

1 268.: A method for evoiving^diONA substrate sequOTce encasing a proAem 

2 of inters, wherein the DNA substrate comprises a vector, the vector conri^sing singte^ v 

3 stranded DNA, the nrrethod comprising: - 

^ (a) providing single-stranded vector DNA and a library of mutants of the 

5 DNA substrate sequence; 

6 (b) annealing denatured double-stranded DNA from the library of (a) to the 

7 single stranded vector DNA of (a); 

8 (c) transforming the products of (b) into a host; 

9 (d) screening the product of (c) for a desired property; and 

10 (e) recovering evolved DNA substrate DNA from the products of (d). 

1 269. The method of claim 268, wherein the product of (e) is subj cted to 

2 mutag nesis. ^ ■ 
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1 270. Th method of claim 269, wherein mutagenesis compris s recursive 

2 sequence recombination. 

1 271. The method of claim 269, wherein the product of claim 269 is used in 

2 (a). 

1 272. The methoct of claim 265, wherein the host is a mutS host. 

1 273. The method of claim 268, wherein the vector is a phagemid. 

1 274; The method of claim 268, wherein (a) - (e) are repeated at least once. 
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Interferon Figures 

Protein sequences of interferon alphas to be shuffled 

1, Consensus CDLPQTHSLGNRRALILLAQMGR I S PFSCL 
*** * **** * * It 



10 20 30 

2. alpha I 

3. alpha C 

4. alpha H -N-S-----N---T-M-----R-------- 

5. alpha 4B H---- 

6. alpha 6 --H--TMM-----R---L---- 

7. alpha 7 ---------R. --------- 

8. alpha 8 ------- ----.---------r---_-___ 

9. alpha D ----E----D---T-M 

10. alpha F 

LX.alpha I - - - 

X2..alpha WA - - . H - : 

1. Consensus KDRHDFGFPQEEFDGNQFQKAQAI SVLHEM 

* * **** «* *** * 

40 50 60 

2. alpha I i,------------T---P----- 

3. alpha C -.-p.-.L------------T--------- 

4. alpha H - E----------------------- 

5. alpha 4B - - .e.----h----T--------- 

6. alpha 6 .••---r..------------e-------v 

7. alpha 7 --.-E-R--E H----T- 

8- alpha 8 - E-------DK------------.- 

9. alpha D M ------ ------p--_--..l 

10. alpha F 

11. alpha I --.p.-.L------------T------.-- 

12. alpha WA - -- Y V-------------AF--- 



1. Consensus IQQTFNLFSTKDSS A A WEQSLLEKFSTELY 

* • •** ***** « 

70 80 90 

2. alpha I --E------------------- 

3. alpha C 

4. alpha H M------.---N-----DET-----yi--F 

5. alpha 4B -..--.----B------------- ------ 

6. alpha 6 --------v--DER--D-I*y---- 

7. alpha 7 ----------E ------------------- 

8. alpha 8 -......---------LDET--DE-YI--D 

9. alpha D ---I....T--------DED--D--C---- 

10. alpha F ..-------T-------------N 

11 .alpha I - E 

12 -alpha WA - -- -- -- - - -- OET--D - - Y r.. 

X.CanseiISUS , -Q Q L N D L B A C V Z Q K V G V K K T P W EDS T I» a' 

* •♦ • ** *** *** ** ♦ 

100 110 120 
2* alpha I N - Q- K '• - 

3. alpha C - n--- M 

4. alpha H.--M------ --------- 

5. alpha 4B — - - - - -- -- y- - -- -- - 

6. alpha 6 --.-------M---W-GG------------ 



7. alpha 7 

8. alpha 8 - .--.S--M-----I-S---Y- 

9. alpha D ---..--M--ER-G------A 

10. alpha F -----M ------------v 

11. alpha I ----N----------M-------- 

12 -alpha WA -- --T-------IA---- 
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1. Consensus RKYFQRITLYLTEKKYSPCAWEVVRAEIMR 

130 140 150 

2. alpha I 

3 . alpha C 

4. alpha H K----------M---------.-.-,.III 

5. alpha 4B 

6. alpha 6 

7. alpha 7 -----------M-----------. ------ 

8. alpha 8 

9. alpha D K---R - 

10. alpha F K-------------------- ------ --- 

11. alpha I 

12. -a3iha WA - - K G . 



1 . Consensus 


S L 


S F 


S T 


N 


L Q K R 


L R 


R 


K D 




* 


* 


* 


* 


* * « * 

160 


* 


★ 




2. alpha I 


















3. alpha C 


















4. alpha H 


















5. alpha 4B 


















alpha $ 


- F 


- S 


- R 




- - E - 






. E 


7. alpha 7 


- F 
















8. alpha 8 


- F 


- I. 


- I 






- K 


S 


- E 


9. alpha D 


















10. alpha F 


- F 


- L 


- K 


I 


F - E - 






- E 


11. alpha I 


















12. alpha WA 


- F 
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DNA sequences of interferon alphas to be shuffled 

1. Consensus TGTGATCTGCCTCAGACCCACAGCCTGGGT 

10 20 30 

2. alpha I 

3. alpha C 

4. alpha H ---A T----A ---AA- 

5. alpha 4B 

6. alpha 6 

7. alpha 7 

8. alpha 8 -----T------------ 

9 . alpha D -.------C---G-----------.---A- 

10. alpha F 

11. alpha I 

12. alpha WA - T 

1 . Consensxis AATAG6AGGGCCTTGATACTCCTGGCACAA 

40 50 60 

2. alpha I 

3. alpha C 

4. alpha H --C------A-T-----G---A------.- 

5. alpha 4B ------------------------------ 

6. alpha 6 C-C------A--A----G----.- 

7. alpha 7 

8. alpha 8 --C--------------------------- 

9. alpha D -.C------A-------G----. ------- 

10. alpha F 

11. alpha I 

12. alpha WA 

1. Consensus ATGGGAAGAATCTCTCCTTTCTCCTGCCTG 

70 80 90 

2. alpha I 

3. alpha C 

4. alpha H ---a-G-------- 

5. alpha 4B ----------------A------------- 

6. alpha 6 --.A-G----------T---------T--- 

7. alpha 7 

8. alpha 8 -,-c-------------------------- 

9. alpha D ---a-C-------- C----.-T--- 

10. alpha F 

11. alpha I 

12. alpha WA -------- --------A-------- ----- 

1. Cbitsensus - A A G G A C A G & C A T'G A C T T T G G ATT T C C CCA G 

100 1X0 . 120 

2. alpha I ... - " - - - - - - - - - - c - - - - 

3- alpha C. - - - - - - - - - - C - - - - - C ^ - 

4- alpha H A - - 

5. alpha 4B --------- T--C-----C---G-- 

€ . alpha 6 ----- CA 

7. alpha 7 : : - -- -- -- - - -- -- -A--CA----C--AG-- 

8. alpha 8 -------------------A---C------ 

9. alpha D -t- --------------------------- 

10. alpha F --A 

11. alpha I - - C C - - 

12. alpha WA - -- -- -- -- T- -- -T--C-----C------ 



Figure 2 Page 3 of 7 
(4/9) 



BNSDOCtD: <WO_9827230A1J_> 



wo 98/27230 PCT/DS97/24239 

1. Consensus GAGGAGTTTGATGGCAACCAGTTCCAGAAG 

130 140 150 



2. alpha I . - - - - 

3. alpha C 

4. alpha H -----a--------- 

5. alpha 4B 

6. alpha 6 

7. alpha 7 

8 . alpha 8 -----------.-AT 

9- alpha D --------------- 

10. alpha F --- -- 

11. alpha I --------------- 

12. alpha WA ----T---------- 



L^Cbnsensus G C T C A iW G C:C A X C T C T G T C C T C C A. X G A G A T G 

1€0 170 180 

2. alpha I A-----------C-----------.--.-. 



3. alpha C A 

4. alpha H 

5. alpha 4B A 

6. alpha 6 

7. alpha 7 A 

8. alpha 8 

9. alpha D 

10. alpha F 

11. alpha I A 

12. alpha HA - 



1. Consensus ATCCAGCAGACCTTCAATCTCTTCAGCACA 

190 200 210 



2. alpha I - - - * . 

3. alpha C 

4. alpha H --G------------------------..- 

5. alpha 4B 

6. alpha 6 --T--------------------------- 

7. alpha 7 

8. alpha 8 ----------------- c---------- -- 

9. alpha D ------- ---T------C------TC---- 

10. alpha F 

11. alpha I - ---------- 

12. alpha WA 

1. Gonsnsus . AAGGACTCATCTGCTGCTTGGGATGAG AC? C 

220 230 240 

2. al^dia i: g-------- - - ■ -AC — 

3. alpha C- G - - - - - - . - _ac - -- - - 

4. alpha H .---A- - - - * . 

5. alpha 4B G ----- - ----.---..-a C - - - 

6^ alpha. 6 : - - - - - - - - - - - X- G 

7 . alpha 7 G------------- -------AC----- 

8. alpha 8,. - -- -- - - -- -- -- -- -- - -T--------C- 

9. alpha D --A--T--- --GA- 

10. alpha F ---------- ---A-------AC----- 

11. alpha I G---------- — ----------ac----- 

12. alpha WA -----x-- - - ------------------c- 
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1. Consensxis CTCCTAGAAAAATTTTCCACTGAACTTTAC 

250 260 270 

2. alpha I 

3. alpha C 

4. alpha H -C-A--T--------T- 

5. alpha 4B 

6. alpha 6 --T C---C-C-AT--- 

7. alpha 7 

8. alpha 8 --T-----TG----C-A--TC------G-- 

9. alpha D ---.----c c-G---C---*-C--- 

10. alpha F ---------------- 

11 -alpha I ------- - 

12. alpha WA C C-A--T--------T- 



1. Consensus C A G C A A CTGA.ATGACCT G G A A. G C C T G X G T G 



280 290 300 

2. alpha I ------------A----------A 

3. alpha C ..----A----------A 

4. alpha H a------ ------ 

5. alpha 4B - - --..--..-.-a 

6. alpha 6 -----g------------------ 

7. alpha 7 -----.-----.---------.-A 

8. alpha 8 -----G--------------GT-- 

9. alpha D --.--G---------T-------- 

10. alpha F -----g--- A-------- 

11. alpha I --------- A---- a 

12. alpha WA A------ 



1 . Consensus 


A T A C A G 


GAGGTTGGG 


G T 


GGAAGAGACTCCC 






310 320 




330 


2. alpha I 










3. alpha C 










4. alpha H 










5. alpha 4B 










6. alpha 6 










7. alpha 7 










8. alpha 8 










9. alpha D 




----AGA-- 




--G---A 


10. alpha F 










11. alpha I 










12. alpha WA 


. c - - • - 









r.Consensus CTGATGAATGAGGACTCCATCCTGGCTGTG 

340 - 350 260 

2. alpha. I . - 

3. alpha C . - - . 

4. alpha H - - - - - - - - - - - - - - - - - - - - - - - 

5. alpha 4B ---------- T - - - 

7 . alpha 7 - - - - - - - - - r - - - - - - - - - - - - 

8. alpha 8.----------------T------------- 

9» alpha d: x-C-C - - -- -- -- -- -- -- 

10. alpha F ---- T----------T-------- 

11. alpha I - - - - ----X-------- 

12. alpha WA - - - 
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1. Consensus AGGAAATACTTCCAAAGAATCACTCTTTAT 



2. 


alpha I 


3. 


alpha C 


4. 


alpha H 


5. 


alpha 4B 


6. 


alpha 6 


7. 


alpha 7 


8. 


alpha 8 


9. 


alpha O 


10 


.alpha F 


11. alpha I 


12. alpha WA 



370 380 390 
- A - - 



A 



- A 

- A 



X.Consensvis C T G A C A a A G.A A G AAA X A C A GC C C T X G X G C C 

400 410 420 



2. alpha I - - A - - - 

3. alpha C - - a - - - 

4. alpha H - - - - T G 

5. alpha 4B - - A - - - 

6. alpha 6 

7. alpha 7 - - A - T G 

8. alpha 8 ------ 

9. alpha D ------ 

10. alpha F 

11. alpha I - - A - - - 

12. alpha WA . - - - T G 



1. Consensus TGGGAGGTTGTCAGAGCAGAAATCATGAGA 

430 440 450 



2. alpha I 

3. alpha C 

4. alpha H 

5. alpha 4B 

6. alpha 6 

7. alpha 7 

8. alpha 8 

9. alpha D 

10. alpha F 

11. alpha X 

12. alpha WA 



1. Consensua XCCTTCTCTTTTTCAACAAACXTGCAAAAA 

460 : .470 460 

2. a^te r . - - - C - - - - - , _ ^ . : 

3. alpha C, T C - - - _ ^ 

4. alpha H ---c- 

5. alpha 4B ^--c----G 

6. alpha 6 C A - -r^ - G . - - g 

7. alpha 7 --._A----- 

8. alpha 8 -----------A----TC------------ 

9. alpha D ---C-------A-------------.-G-- 

10. alpha F -----------A----A--TT--X---G-- 

11. alpha I --TC--- - 

12. alpha WA ------ 
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1. Consensus AGATTAAGGAGGAAGGATTGA 

.490 500 

2. alpha I 

3. alpha C -t------------------- 

4. alpha H 

5. alpha 4B 

6. alpha 6 --G--------------A-A- 

7. alpha 7 G------- ------------- 

8. alpha 8 -----G-A---T-----A--- 
9- alpha D 

10. alpha F -----A--- 

11. alpha I 

12. alpha WA G-------A------------ 
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